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Enantioselective indicator displacement assays (eIDAs), was transitioned to a 
high-throughput screening protocols, for the rapid determination of concentration and 
enantioselectivity (ee) of chiral diols and -hydroxycarboxylic acid. To improve the 
design of our previously established receptor based on o-(N,N-
dialkylaminomethyl)arylboronate scaffolds for eIDAs. The rigidity of the receptor, which 
pertinent from the formation of an intramolecular N-B dative bond was investigated. o-
(Pyrrolidinylmethyl)phenylboronic acid its complexes with bifunctional substrates such 
as catechol, -hydroxyisobutyric acid, and hydrobenzoin was studied in detail by x-ray 
crystallography and 11B NMR. Our structural study predicts that the formation of an N-B 
dative bond, and/or solvolysis to afford a tetrahedral boronate anion, depends on the 
solvent and the complexing substrate present. To simplify the operation of eIDAs, we 
introduced an analytical method, which utilize a dual-chamber quartz cuvette, which 
reduces the number of spectroscopic measurements from two to one and introduced 
artificial neural networks (ANNs) which simplifies data analysis. In a second example a 
vii
high-throughtput screening protocol for hydrobenzoin was developed. The method 
involves the sequential utilization of what we define herein as screening, training, and 
analysis plates. Several enantioselective boronic-acid based receptors were screened 
using 96-well plates, both for their ability to discriminate the enantiomers of 
hydrobenzoin and to find their optimal pairing with indicators resulting in the largest 
optical responses. The best receptor/indicator combination was then used to train an ANN 
to determine concentration and ee. To prove the practicality of the developed protocol, 
analysis plates were created containing true unknown samples of hydrobenzoin generated 
by established Sharpless asymmetric dihydroxylation reactions, and the best ligand was 
correctly identified. The system was extended to pattern recognition for the rapid 
determination of identity, concentration, and ee of chiral vicinal diols. A diverse 
enantioselective sensor array was generated with three chiral boronic acid receptors and 
pH indicators. The optical response produced by the sensor array, was analyzed by two 
pattern recognition algorithms: principal component analysis (PCA) and ANNs. The PCA 
plot demonstrated good chemoselective and enantioselective separation of the analytes, 
and ANNs was used to accurately determine the concentration and ee of five unknown 
samples.
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Chapter 1: The Uses of Supramolecular Chemistry in Synthetic 
Methodology Development 
 
1.1 ENZYMES AND CATALYSIS 
Enzyme catalysis involves molecular recognition at the most sophisticated level. 
These catalysts can accelerate the rate of a chemical reaction up to 1020 times the rate of 
the uncatalyzed reaction in water.1 After urease was first crystallized by James Summer 
in 1926,2 the lock and key model of enzyme action was generally adopted by the 
scientific community,3 where the binding of the substrate molecule to the enzyme active 
site results in activation of the substrate. This model was later modified to the induce fit 
model where the enzyme folds around a specific substrate to induce binding interactions 
that lead to catalysis.4 In 1946, Linus Pauling proposed that enzymes accelerate reactions 
because they bind to the transition state better then the substrate, and thereby lower the 
activation energy.5 This postulate was supported by crystal structure of lysozyme, with 
the polysaccharide (N-acetylglucosamine)3 bound at its active site. The structure showed 
the transition state for glycoside cleavage to be stabilized by the electrostatic field of 
carboxylates contributed by Asp52 and Glu35 on either side of the active-site cleft, 
positioned to interact with the developing positive charge on the oxocarbenium ion 
(Figure 1.1).6 In the years since, thousands of enzymes have been purified and 
characterized, and the pace of this endeavor is rapidly accelerating. 
What are the lessons learned from enzymes? First the proximity and orientation 
are crucial. The enzymes primary bring the two reactive species close to each other in a 
specific orientation. Second, enzymes have the ability to fold around a specific substrate 
to permit binding (induce-fit model). Third, enzymes provide extra stability to the 
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transition state by binding the transition state better then the ground state. Conclusively, 
the key feature of enzymes reactivity is their ability to bind, and thus selectively stabilize, 
the transition state and intermediate for a particular reaction. Thus catalysis can be 
defined in terms of molecular recognition of the transition state. 
 
 
Figure 1.1: Schematic picture of the transition-state stabilized in lysozyme. The 
oxocarbenium ion is stabilized by interaction with Asp52 and Glu35.7 
 
The non-covalent forces through which substrates and other molecules bind to 
enzymes involve electrostatic, hydrogen bonding, and hydrophobic interactions. These 
are supramolecular interactions (beyond the molecule). They are fairly weak interactions, 
i.e ten kcal/mol or less. However, we have come to realize that a large number of these 
interactions can lead to big effects, such as catalysis. In general, the spatial arrangement 
of functionalized groups in the enzyme substrate complex can enhance, or override the 
substrates natural reactivity. Enzymes literally hold their substrate in place to control 
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chemo, regio and enantioselectivity. In a global sense, enzyme catalysis arises from 
supramolecular interactions.  
As enzymes are highly substrate specific molecules, their scope is limited. 
Synthetic catalysts are of interest because of their potential to catalyze a reaction on a 
broad range of substrates. The construction of bio inspired catalytic systems by 
conventional covalent chemistry is a complex and time-consuming endeavor, as enzymes 
contain a great variety of components. One goal of supramolecular chemistry is to design 
complex catalytic systems by exploiting non-covalent interacts. To this end, chemist, 
have utilized supramolecular chemistry for the development of highly efficient catalysis 
for organic transformations. Herein we are highlighting a few of these discoveries. 
 
1.2 EVOLUTION OF ENZYME LIKE CATALYSIS IN ORGANIC SYNTHESIS 
There is intense interest in the use of laboratory mimics of enzymes to catalyze 
organic reaction. A truly remarkable advance by Ohshima et. al 8 is zinc catalyst 1.1. This 
enzyme mimic reverses the intrinsic reactivity of alcohols and amines to efficiently 
catalyze the acylation of alcohols in a manner similar to lipase.9 When a molecule 
containing both the OH group and an NH2 group reacts with methyl benzoate in the 
presence of the catalyst, the OH group reacts preferentially (Scheme 1.1). They 
suggested that -oxo-tetranuclear zinc cluster 1.1 acts as the active catalyst. The presence 
of the Zn-O-Zn structure, and the higher activity of the cluster than of the monomer, 
suggested a corporative mechanism of the zinc ions similar to the aminopeptidase. The 
two zinc ions within the cluster coordinate to the oxygen atoms of the substrates and 
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Zinc catalyst 1.11.2 1.3
 
Scheme 1.1: The chemoselective acylation of alcohols in the presence of amines 
catalyzed by zinc cluster 1.1. 
 
One feature of enzyme selectivity is asymmetric catalysis, because enzymes are 
chiral molecules they selectively catalyze the reaction of one enantiomer over another, 
and can induce asymmetry from enantiotopic groups. This is clearly demonstrated by 
Frank Westheimer and Birgi Vennesland in the case of yeast alcohol dehydrogenase 
(YADH).10 The investigators carried out several isotopic scrambling experiments and 
proved that YADH can distinguish between the pro-S and the pro-R hydrogens of ethanol 
as well as the si and the re faces of the nicotinamide ring of NAD+. The stereospecificity 
of YADH is by no mean unusual. As we consider biochemical reactions we shall find that 
nearly all enzymes that participate in chiral reactions are absolutely stereospecific.  
The unique handedness of the essential molecules of life, and the key role of 
chirality in the development of new drugs,11 are a sources of inspiration and practical 
considerations for efforts to design efficient catalytic procedures that prepare single 
enantiomers of biologically active compounds. For years chemist believed that natural 
enzymes are the only ones that can efficiently catalyzed a highly selective 
enantioselective asymmetric reaction. The discovery of “Monsanto process”12(Scheme 
1.2), where a chiral rhodium catalyst was used to synthesize the drug L-DOPA use to 
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treat Parkinson disease was a break through. As stated by Knowles in 1983 “This was the 
first time ever when anyone has achieved enzyme like selectivity with a man-made 
catalyst”.13 These supramolecular systems employ chiral ligands to control 
seteroselectivity of a catalyzed reaction. The reaction mechanism of the Rh-phosphine 
complex catalyzed hydrogenation has been elucidated by Halpern.14 Initially an enamide 
coordination complex is produced in which the olefin bond and the carbonyl oxygen 
interact with the Rh(I) center. The hydrogens is oxidatively added to the metal center to 
form Rh(III) dihydride intermediate. The hydrogens are then successively transferred to 
the carbons of the olefinic bond by way of a five membered chelate alkyl-Rh(III) 
intermediate. In this reaction the Rh-phosphine complex facilitates one of the transition 
states to be lower in energy than the other; reminiscence of an enzyme catalyzed 
biological reaction. The coordination of the reactive intermediates to the metal center is 
the hallmark of organometallic reactions. This binding leads to activation of the reactive 
species that leads to catalysis. In the past 35 years, metal catalyzed enantioselective 
transformations have enjoyed significant growth as it was recognized that these are 
among the most efficient ways to produce enantiomerically pure compounds. This effort 


















88% ee  
Scheme 1.2: The Monsanto process for the synthesis of L-DOPA.12 
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Early example of bio mimetic chemistry came from Breslow and coworkers, who 
developed a laboratory mimic of the enzyme cytochrome P450 (Scheme 1.3).18 A 
metalloprophyrin with four cyclodextrin rings was used to catalyze regio and 
stereoselective hydroxylation of a steroid derivative. The position hydroxylated is not the 
most reactive, but is the one selected by the geometry of the catalyst-substrate complex. 
Molecular models indicate that the two tert-butylphenyl groups can bind into the 
cyclodextrins on the opposite sides of catalyst 1.4 so as to put ring B of the steroid 
directly over the metalloporphyrin unit. With 10 mol% catalyst 1.4 and an excess of 
iodosobenzene, the substrate 1.5 was selectively converted to 1.6.19 This example 
elegantly demonstrated the importance of binding in catalysis. The reaction is completely 
selective for hydroxylation of a single steroid position with regio- and stereoselectivity. 
With other substrates that fit the catalyst less well, more than one hydroxylation product 
is formed and no hydroxylation occurs under the conditions used with substrates that do 
not bind to the catalyst. 
 
 
Scheme 1.3: Hydroxylation of the steroid derivative catalyzed by manganese porphyrin 
carrying four beta-cyclodextrins.18 
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The advancement in supramolecular catalysis is not limited to transition metal 
catalyzed reaction, organocatalysis is also a rapidly developing field. Organocatalysis 
often employs chiral compounds as catalyst to carry out a variety of organic 
transformation. Recent examples of this type of methodology can be found, for example 
in the work of Rebek et. al.20 The investigators goal was to study the factors effecting the 
ring opening reactions of epoxides to afford either the five or six-membered ring 
products. The catalyst used was a cavitand (1.7) functionalized with a Kemp’s triacid 
derivative (Scheme 1.4). The cavitand adopts a vase like structure that is stabilized by 
hydrogen bonds provided by the secondary amides around the rim of the receptor. These 
amides together, with the inward directing carboxylic acid group and the electron-rich -
surface of the receptor, provide the bound guest with organic functionality that are 
otherwise unavailable in solution. Cavitand 1.7 catalyzes a regiocontrolled cyclization of 
alcohol 1.8 to afford the five-membered ring product 1.9. Moreover, the presence of the 
cavitands provides >100 fold rate enhancement of the cyclization reaction of 1.8 over the 
control reaction. The factors that the investigators suggested based on NMR spectroscopy 
that are responsible for this regiocontrolled cyclization reaction are: 1) Molecular 
recognition is involved as the substrate is surrounded by the catalyst of finite capacity. 2) 
Complexation exposes the epoxyalcohol to a high local concentration of the BrØnsted 
acid. 3) CH-  contacts between the concave -surface of the host and the alkyl backbone 
of the guest induces coiling of the substrate into conformations resembling the transition-
state structures of the cyclization reaction. This system incorporates the arrangement of 







































Scheme 1.4:  Regiocontrolled cyclization of epoxide 1.8 to the five-membered ring ether 
1.9 by the Cavitand catalyst 1.7. 
 
 Miller and coworkers21 have developed a kinase mimic that enables a catalytic, 
asymmetric synthesis of D-myo-inositol-1-phosphate (1.14) from myo-inositol (1.11) by 
using small peptide based catalysts (1.10) Scheme 1.5. Traditional known routes to this 
molecule involves numerous steps and the use of chiral auxiliaries.22 The peptide based 
catalysts developed leads to the target molecule in a more efficient and direct manner. 
The investigators attached a small peptide sequence on modified His residue which forms 
intermediates such as the phosphorylated catalyst (phospho-imidazolium ion). Because 
the catalyst is attached to a small peptide sequence, the high-energy phospho-
imidazolium ion is generated in a chiral environment, with functionality that interacts 
with multifunctional substrate in a site-specific fashion. As a result, phosphate transfer (to 
substrates such as 1.12) occurs with both regio and enantioselectivity to produce regio 
and enantiopure products such as 1.14. The reaction yields D-myo-inositol-1-phosphate in 





























































OH1) HC(OEt3), TsOH (100°C)
2) BnBr, NaH, DMF (25 °C)




Scheme 1.5: Synthetic pathway to D-myo-Inositol-Phosphate (1.14) from myo-Inositol 
(1.11).21 
 
1.3 SUPRAMOLECULAR INTERACTION AIDING IN ASYMMETRIC CATALYST 
DISCOVERY 
The above discussion highlights a few seminal discoveries in the field of 
catalysis. It nicely explains how chemists have used supramolecular chemistry to design 
catalysts, which are used in synthetic methodology. We should realize that designing 
catalysis that mimics enzyme reactivity is not a trivial task. The molecular recognition 
interaction involved in binding are weak interactions which can be very difficult to 
analyze. Whenever chemists try to quantify weak interactions we find ourselves at the 
edge of detectability, as these interaction are very sensitive to environment. For example, 
an interaction which is potent in chloroform can be non-existent in water. To this end, 
understanding supramolecular interactions is the arsenal needed to develop efficient 
synthetic methodologies. 
Today, the preparation of enantiomerically pure compounds is one of the most 
actively pursued fields in synthetic chemistry. Despite significant progress in the field of 
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theoretical and computational chemistry, there are still limited approaches to predict via a 
model the best catalyst for a given reaction. This long standing problem has a simple 
physiochemical origin as noted by Knowles in 198323 “Since achieving 95% ee only 
involves energy differences of about 2 kcal, which is no more than the barrier 
encountered in a simple rotation of ethane, it is unlikely that before the fact one can 
predict what kind of ligand structures will be effective”. Note that 2 kcal/mol is also 
around the strength of one hydrogen bond, therefore one hydrogen bond difference 
between the substrate and the catalysis could make a huge difference in 
enantioselectivity. Therefore the search for active and enantioselective catalysts for 
synthetically important reactions stands as a major challenge for chemists. Further despite 
the introduction of combinatorial chemistry and miniaturization,24 the determination of 
enantioselectivity in the screening of asymmetric catalytic reactions is often the rate 
determining step. Techniques that allow for the simultaneous screening of numerous 
catalysts hold promise for the field since they allow for accelerated catalyst 
discovery.25,26 
 Currently, chiral HPLC is the most commonly used technique to determine ee’s 
of asymmetric organic reactions. However, with the advent of combinatorial chemistry, 
which allows one to generate a large library of potential candidates (catalyst) for an 
asymmetric reaction, the need for faster techniques to determine enantioselectivity has 
been manifested. Therefore, many groups around the world are designing high-
throughput screening methods based on enantioselective receptors. By introducing 
chirality into the binding sites, such receptors could carry out enantioselective recognition 
of chiral organic molecules. These sensors would be used for the rapid determination of 
enantiomeric excess to screen catalysts, for desired enantioselectivity in a particular 
reaction. 
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1.3.1 Combinatorial Chemistry 
Before presenting and evaluating the screening systems that have developed, a 
few recent reports of the developments in the combinatorial preparation of 
enantioselective transition metal catalysts is appropriate. It will become apparent that 
these seminal contributions constitute the beginning of a fascinating new research area 
within supramolecular chemistry. 
Combinatorial chemistry is the applied use of technologies and automation for the 
rapid chemical synthesis of relatively large number of compounds24 The application of 
combinatorial chemistry to catalysis enables chemists to generate and evaluate a large 
number of catalyst simultaneously. Therefore, more simply stated, chemists use 
combinatorial chemistry to search for serendipitous supramolecular interactions in a 
catalyst that induces enantioselectivity in an asymmetric reaction. 
Reetz and coworkers27 recently described a new concept in the area of 
combinatorial enantioselective transition metal catalysis. They demonstrated that a 
mixture of two different monodentate phosphate ligands (L) coordinated to rhodium (Rh) 
leads to enhanced enantioselectivity in reduction of enamines (Scheme 1.6). The 
preparation of RhLaLb in pure form in solution was not expected. However, the mixture 
of all three catalyst may lead to enhanced enantioselectivity provided RhLaLb is more 
active and more selective than either of the traditional catalysts. The Rh-catalyzed 
hydrogenation of the acetamidoacrylate in dichloromethane was chosen as the test 
reaction (Scheme 1.6). The hydrogenation experiments were carried out in parallel 
manner using 20 or more flasks and ee values were determined by GC or HPLC. It was 
apparent that certain La/Lb combinations leads to high enantioselectivities, approaching 
98% ee, compared to the use of homocombination, which leads to ee values of 92-94%. 
Rh-catalyzed hydrogenation of N-acyl enamine and dimethyl itoconate was also studied. 
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In each case heterocombination of MLaLb gave the best result. Ultimately the goal of all 
chiral ligand designs is to create a chiral environment around the metal to direct 
stereochemistry and impart the appropriate electronic characteristic at the metal center for 
efficient catalysis. The challenge is to find the right ligating groups that optimally fit the 
scaffold and makes the catalytic system more efficient. Small changes in the ligand 
structure can have profound effects. Therefore, efficient combinatorial approaches to 
catalyst optimization allows one to generate data sets of much greater complexity; 
perhaps of sufficient complexity to uncover trends that may be missed in a one variable at 
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Scheme 1.6: Rh-catalyzed hydrogenation of the acetamidoacrylate. 
 
Ding and coworkers28 developed a highly efficient enantioselective catalyst for 
the hetero-Diels-Alder reaction by high-throughput screening of a combinatorial library 
of chiral titanium complexes. A combinatorial library of chiral metallic complexes was 
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generated by combining a diol ligand Lm with Ti(OiPr)4 and an alternative diol Ln in a 
parallel fashion as shown in Scheme 1.7. They explained that these molecular assemblies 
form spontaneously and the composition of the mixture depends on thermodynamic 
factors. The substrate dictates assembly of the various metallic complexes which leads to 
the highly enantioselective asymmetric catalyst. A catalyst library of 104 members was 
generated from a 13 chiral ligands, which were then evaluated for the reaction of 
Danishesky’s diene with benzaldehyde by using a high-throughput chiral HPLC 
technique. The investigators identified catalyst L5/Ti/L5 and L5/Ti/L6 as both efficient 
catalyst, and then optimized the reaction by using different solvents and catalyst loading. 
Under solvent free conditions, highly efficient ligand-metal loading as low as 0.005 mol 
% of L5/Ti/L6 was identified for the cycloaddition of furfural to Danishefsy’s diene to 
give the corresponding cycloadduct in 63% yield with 96.3% ee. Each derivative used in 
this example has identical hydroxyl ligating groups and a rather subtle variation in the 
biaryl scaffold. These variations cause a significant change in enantioselectivity. As the 
energy difference as small as 2 kcal/mol, which is right in the range of a hydrogen bond, 
can cause a huge change in enantioselectivity the prediction of the kind of interaction that 
causes that change is hard to predict. This example highlights the relevance of 
combinatorial approach in the search of efficient catalyst in organometallic reactions.  
14
 
Scheme 1.7: A) Hetero-Diels-Alder reaction of aldehydes with Danishefsky’s Diene. B) 
A combinatorial library of chiral metal complexes by combining diol ligand Lm and Ln 
in a parallel fashion. C) The diol ligands used for catalyst preparation. 
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1.3.1 Fluorescents Screening Approaches 
Although the use of chiral HPLC and GC has been well established they are 
limited in the number of reactions that can be screened per day. A fairly rapid chiral 
HPLC run requires 10 minutes and often longer, which translates to only 144 reactions 
screened per day.25 To circumvent the limitation of serial chromatography, several groups 
have created optical techniques using fluorescence or absorbance based on 
supramolecular chemistry interactions to screen asymmetric reactions. 
Among the high-throughput screening methods for the discovery of chiral 
catalysts for asymmetric reactions, the use of fluorescence sensors is particularly 
interesting because fluorescence can provide both high sensitivity and real-time 
measurement.29 In this section we describe some of the seminal work where fluorescence 
sensors are used directly or indirectly to screen for asymmetric catalysis. 
Photoinduced electron transfer has been widely used as the preferred tool in 
fluorescent sensor design, its use eminates from supramolecular chemistry.30, 31 In a 
general sense, PET sensors generally consist of a fluorophore and a receptor linked by a 
short spacer. When the electrons of the fluorophore are excited, electron transfer occurs 
from the donors high lying filled orbital, which results in quenching of the fluorescence 
(Figure 1.2). Upon binding of the analyte, the energy level of the donor orbital is 
lowered, thereby diminishing the ability to transfer an electron to the excited-state 




Figure 1.2: Photoinduced electron transfer mechanism. 
 
The assay described by Copeland and Miller32 relies upon a fluorescently labeled 
split and pool peptide library synthesized on solid-phase beads. The sensing mechanism 
is based on photoinduced electron transfer (PET). The library is screened for activity of 
an acylation reaction. As the acylation reaction between alcohol 1.15 and acetic 
anhydride proceeds, acetic acid and ester 1.16 (Scheme 1.8) are generated. The acetic 
acid is signaled by the increase in the fluorescence intensity of the fluorophore, which is 
linked to the peptide catalyst on solid support. A sample of the library was selected at 
random and screened for the reaction of racemic 1.15. Approximately about 1000 
catalysts were screened conveniently over the course of a 60 min period. From the assay 
the brightest beads were manually selected, washed, and subjected to a single bead 
kinetic resolution. The beads with the highest selectivity were then deconvoluted by 
Edman degradation, resynthesized and subjected to the reaction condition. A key feature 
of this assay is that the fluorescence signal is coupled to catalyst activity, but not to the 
degree of enantioselectivity. The investigators showed that the most active catalyst also 
17
exhibits a good degree of enantioselectivity This arises from selective binding, the result 
of secondary effects like hydrogen bonding, ion pairing and -  interactions, present in 
the transition-state between the substrate and the catalyst. These are supramolecular 
interactions, and the technique described beautifully identifies the lead catalyst that 
encompasses interactions that result in high enantioselectivity. 
A lead peptide was identified that provides a selectivity factor (krel) of 8.2. A 
directed second generation split and pool peptide was synthesized such that the new 
peptide sequences in the library were biased toward the lead structure. These second-
generation catalysts were screened again, and revealed an active and enantioselective 
peptide catalyst for a range of different alcohols. In this particular approach, thousands of 
peptide based catalysts were screened, and thus the high-throughput screening approach 
devised by this group was crucial for rapid analysis in an efficient manner. This study 
nicely highlights the potential of possessing high-throughput screening methods for the 
development of new catalytic asymmetric transformations. 
 
 
Scheme 1.8: Fluorescence screening assay of the peptide library for acylation reaction.32  
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Lin Pu and coworkers33 have used their highly enantioselective fluorescent sensor 
bisbinaphthyl macrocycle (S)- and (R)-1.21 to determine ee’s of substituted mandelic 
acids (1.20) (Scheme 1.9). To utilize the enantioselective fluorescent sensor in chiral 
catalyst screening they prepared an alkylated derivative of mandelic acid that precipitated 
out of the catalyst screening reaction mixture, thereby allowing simple product 
separation. This strategy allowed the investigators to screen the asymmetric reaction of 
1.19 with trimethylsilyl cyanide (TMSCN) in the presence of Ti(OiPr)4 and chiral ligand 
(+)/(-)-diisopropyltartrate (DIPT) under various reaction conditions. Due to the 
insolubility of the product in the reaction mixture it was isolated by centrifugation and 
filtration. The products were then treated with the fluorescent sensors (S) and (R)- 1.21 in 
THF and the ee’s were predicted through ee calibration curves. The sensor (S)- 1.21 has a 
high enantioselectivity and sensitivity to (S)-mandelic acid over (R)-mandelic acid and 
visa versa. The investigators concluded by NMR spectroscopy34 that in the macrocycle-
mandelic acid complex, (S)-mandelic acid is probably located much deeper inside the 
chiral cavity of the (S)- 1.22 than (R)-mandelic acid which, significantly shields the alpha 
proton of the (S)-mandelic acid by the aromatic rings of the macrocyle. This 
supramolecular interaction could be the origin of the dramatic difference in the 
fluorescence responses of the (S)- 1.21 towards the two enantiomers of mandelic acid. 
The 1H NMR spectroscopic study also indicates that (S)- 1.21 probably binds more than 
one equivalent of (S)-mandelic acid. This screening method also utilizes PET. Upon 
























Scheme 1.9: Enantioselective fluorescent recognition of mandelic acid. 
 
Janda and coworkers35 employed monoclonal antibody 19G2 to screen 
asymmetric -alkylation reactions. This monoclonal antibody was found to bind to both 
(R)-1.24 and (S)- 1.24, but only the 19G2-(S)- 1.24 complex afforded a blue fluorescence. 
The investigator screened asymmetric -alkylation reaction of 1.22 with 1.23 using 
Cinchono alkaloids phase transfer catalysis. A catalyst library consisting of 35 catalysts 
derived from Cinchona alkaloid was synthesized. Ee calibration curves of (S)- 1.24 and 
(R)-1.24 were developed by mixing each ee solution with 19G2 at a constant 
concentration. The fluorescence intensities were measured ( ex= 327 nm, em= 416 nm) 
by using a 96-well plate reader, and a calibration curve relating fluorescence intensity to 
ee was plotted. The fluorescence values of each of the 35 product mixtures were then 
obtained the same way and the ee values were calculated from the calibrated graph. The 
blue fluorescent monoclonal antibody sensor was able to identify high-performance 
catalysts for the asymmetric -alkylation reaction of N-(diphenylmethylene)glycine 
methyl ester with bromomethyl-trans-stilbene (Scheme 1.10). The investigators 
suggested that the emission of the blue-fluorescent is due to the formation of an exciplex 
between the antibody and the (S)-1.24. An exciplex is a cooperative interaction of two 
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molecules in the excited-state. There initial study with 19G2 and stilbene hapten complex 
suggested that there is a -stacking interaction between the aromatic ring of the substrate 
and the tryptophane unit of the antibody. At > 250 K twisting or spring-like vibrations 
between the excited-state stilbene hapten molecules and the antibody causes a changes in 





1) Cinchona-derived catalyst 
KOH, toluene/ CHCl3, 0 °C
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Scheme 1.10: Asymmetric -alkylation reaction of N-(diphenylmethylene)glycine 
methyl ester (1.22) with bromomethyl-trans-stilbene (1.23) for the synthesize of chiral 
ligands (S)- 1.24 and (R)- 1.24 for monoclonal antibody 19G2 sensor array by using 
Cinchona-derived catalyst. 
 
1.2.3 UV-visible Screening Approaches 
Visible detection of color for the determination of enantiomeric excess values is 
an important step forward in the development high-throughput screening method for 
asymmetric catalyst discovery. In this section we highlight some techniques based on 
UV-visible spectroscopy towards screening for enantioselectivity.  
Reetz et al. reported the first high-throughput screening strategy based on UV-vis 
spectroscopy in 1997. He used in vitro evolution of an enzyme to increase the 
enantioselectivity of a given biocatalytic reaction.37 The enantioselective hydrolysis of 
racemic p-nitrophenyl 2-methyldecanoate (1.25) was chosen as the test reaction. The 
enzyme chosen was the lipase from the bacterium Pseudomonas aeruginosa. This enzyme 
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catalyzes the hydrolysis of 1.25 in favor of the (S)-configuration acid 1.26 with a 
selectivity of only a 2% ee. Using “error-prone” polymerase chain reaction (epPCR), the 
lipase gene consisting of 933 base pair was subjected to random mutagenesis resulting in 
1000 mutants that were screened for enantioselectivity in the test reaction. Conventional 
product separation based on liquid or gas chromatography was unsuitable due to the large 
number of samples, therefore 96-well plate microtiter plates were used. The rate of 
enzyme hydrolysis of the enantiomerically pure (R)-1.25 and (S)-1.25 was measured by 
monitoring the change in absorbance of the p-nitrophenol anion at 410 nm as a function 
of time. Of the 1000 mutants of the first generation tested, 12 showed an increase in 
enantioselectivity. The improved mutants were then mutated again and rescreened. After 
four generations the investigators were able to increase the enantioselectivity of the test 
reaction from 2% ee to 81% ee. The point specific interaction between the catalyst 
(lipase) and the substrate leads to a high enantioselectivity. The molecular basis of the 
enatioselectivity is difficult to predict, as the energies involved are small. The evolutive 
optimization of enzyme structure described does not require any knowledge of enzyme 
structure or catalytic activity and allows the investigators to rapidly identify the enzyme 





















R = n-C8H17  
Scheme 1.11: Enantioselective hydrolysis of racemic p-nitrophenyl 2-methyldecanoate. 
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Paul Abato and Christopher T. Seto38developed an enzymatic method for the 
determination of enantiomeric excess (EMDee). They chose the addition of diethylzinc to 
benzaldehyde as a test-bed for their EMDee technique. The reaction yields 1-
phenylpropanol (1.30). Subsequently, the  (S)-1.30 enantiomer of the product is oxidized 
to the ketone (1.31) using the (S)-aromatic alcohol dehydrogenase from 
Thermoanaerobium sp. The rate of the enzymatic reaction was monitored by observing 
the formation of NADPH by UV spectroscopy at 340 nm. The (S)-1.30 enantiomer is a 
good substrate for the enzyme with a KM value of 6.4 ± 1.1 mM, while (R)-1.30 is an 
inhibitor with the Ki value of 6.0 ± 1.5 mM. The Michaelis-Menten equation provides a 
direct relationship between the rate of this enzymatic oxidation and the concentrations of 
(S)-1.30 and (R)-1.30. Therefore, the rate of this oxidation is used as a direct 
measurement of the enantiomeric excess of the samples and 1-phenylpropanol. They 
were able to analyze 100 unknown samples in 30 min by using a 384-well plate. The 
important feature of EMDee is its high stereoselectivity. The alcohol dehydrogenase used 
in these studies has a high selectivity for the (S)-aromatic alcohol and does not process 
the (R) enantiomer to any significant extent under the assay conditions. Herein, the 
investigators are utilizing natural seteroselectivity of enzymes to identify the chiral 































Scheme 1.12: An enzymatic method screening method to determine the enantiomeric 
excess of the addition reaction of diethylzinc to benzaldehyde. 
 
David B. Berkowitz et.al 39 have also reported an enzymatic screening method. 
They employed two reporting enzymes in parallel cuvettes, for which they coined the 
term in situ enzymatic screening (ISES). The reporting enzymes provide information on 
both relative rates and enantioselectivity. To demonstrate proof of principle, the 
investigators chose the hydrolytic kinetic resolution of (±)-propylene oxide, a reaction 
known to be catalyzed efficiently by chiral Co(III)-salen complexes.40 The alcohol 
dehydrogenases from horse liver (HLADH) and Thermoanaerobium brockii (TBADH) 
were used. The former enzyme prefers (S)-1,2 propanediol, whereas the latter favors the 
(R)-1,2 propanediol. A library of chiral salen ligands was created, and the experiment was 
set up such that the Co(III)-salen catalysts were placed in the lower organic layer (CHCl3 
and epoxide) in the two parallel cuvettes (Scheme 1.13). The aqueous reporting layers 
contained TBADH/NADP+ (cuvette 1) and HLADH/NAD+ (cuvette 2). The increase in 
absorbance at 340 nm was followed in parallel by UV-vis spectroscopy. The kinetic data 
from the two enzymes was then used to measure ee of the unknown samples and identify 
the active Co(III)salen catalyst. Herein the investigators used the inherent 
stereospecificity of the enzymes as an analytical tool to determine the ideal ligating 




























H NADP NAD NADH H++
340 nm 340 nm





Scheme 1.13: Double cuvette in situ enzymatic screening (ISES). 
 
Enantiomerically pure cyanohydrins are versatile synthetic building blocks. 
Moberg and co-workers41 have developed an efficient catalytic system employing dual 
Lewis acid-Lewis base activation for the preparation of highly enantioenriched O-
acetyled cyanohydrins from aldehydes and acetyl cyanide. The reaction produces a high 
yield of the desired compounds without the formation of the byproduct. By varying the 
reaction conditions, in particular the nature of the Lewis acid and the Lewis base, yields 
and enantioselectivity of the reaction can be optimized. In collaboration with Hult and 
Hamberg,42 they developed a high-throughput enzymatic method for the simultaneous 
determination of enantioselectivity and yield by using a combination of a non-selective 
and a selective enzyme. In the catalyzed reaction (Scheme 1.14A) various ee values for 
the chiral O-acetylated cyanohydrin are obtained. The analysis of the yield was based on 
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the quantification of unreacted benzaldehyde by using UV-vis spectroscopy (Scheme 
1.14B). Benzaldehyde was reduced by NADH in the presence of horse liver alcohol 
dehydrogenase (HLADH). Upon reduction of benzaldehyde NADH (which absorbs at 
340 nm) was converted to NAD+ (which does not absorbs), allowing the amount of 
unreacted benzaldehyde to be determined. This analysis was followed by enzymatic 
hydrolysis of (S)-acetylated cyanohydrin using Candida Antarctica lipase B (CALB), 
which has a high (S)-enantioselectivity. The cyanohydrin of the S-product is in 
equilibrium with benzaldehyde and can, therefore, be analyzed in the same way as 
unreacted aldehyde by NADH oxidation. Unselective hydrolysis using pig liver esterase 
(PLE) finally affords the free cyanohydrin of the second enantiomer, which is also in 
equilibrium with benzaldehyde, and is analyzed by NADH. Since all analytes are 
quantified by using the same aliquot and only ratios between the different signals are 
used to calculate the enantiomeric excess and conversion, a precise knowledge of 
concentration and volume is not required. The principle is to convert a mixture of 
enantiomers to a mixture of chemically different species by selective enzymatic 
transformations, which enables a measurement of enantiomeric excess by simple 
chemical analysis. For this analysis the investigators developed a method based on 
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Scheme 1.14: A) Dual Lewis acid–Lewis base catalyzed addition of acetyl cyanide to 
benzaldehyde. B) Enzymatic method for enantiomeric excess determination of O-
acetylated cyanohydrins. 
 
Hartwig and coworkers43 have developed a colorimetric assay to simultaneous 
evaluate a large number of potential catalyst for the hydroamination of 1,3 dienes. The 
colorimetric response indicates the presence or absence of aniline. The colorimetric assay 
was based on furfural, which undergoes a condensation and ring opening with 2 equiv of 
aniline in the presence of acid to create a red product, but not with an alkylated aniline. 
Thus, after the addition of furfural and trifluoroacetic acid (TFA), the reactions that 
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consume the largest amount of aniline shows an absent of the red color. These 
experiments were carried out in a 96-well plate and identified [Pd( -allyl)Cl2] and PPh3 
as the most active catalyst. After the identification of the active catalyst they developed 
an enantioselective version of this process by using Trost ligand 1.3844and [Pd( -
allyl)Cl2] in the absence of acid Scheme 1.15. This technique allowed the investigators to 
screen several ligands that would create an ideal scaffold around the metal center and 
allow the reaction to take place. The screening process allowed them to optimize the 
achiral reaction and extend its application to an enantioselective transformation. 
 
 
Scheme 1.15: Use of a simple spot test to screen catalyst for the hydroamination of 
cyclohexadiene with aniline. A red color indicates remaining aniline reactant. The 
reaction was made enantioselective by using Trost chiral ligand (R,R)-1.38.44 
 
Feringa and co-workers designed a colorimetric assay based on cholesteric liquid-
crystalline (LC) films.45 Cholesteric, or twisted nematic liquid-crystalline phases, can be 
induced by doping achiral nematic liquid crystals host compound with a suitable chiral 
dopant. The helical twisting of the LC is caused by supramolecular interactions of the 
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chiral substrate with the liquid-crystalline film. The magnitude of the helical twisting 
power of any chiral dopant is too small to obtain colored liquid-crystalline phases, since 
there is a limit to the amount of dopant that can be added to the liquid crystal. Thus, in 
order to obtain a significant color change the chiral analyte has to be derivatized prior to 
use in the analysis. For example, para-n-heptyloxyphenyl-substituted chalcone 1.40 is 
used as the starting material instead of chalcone. Samples of the LC doped with 1.41 with 
100, 90, 80, 70, 60, 50% ee gave LC with color ranging from violet-blue 100% ee to deep 
red 50% ee (Scheme 1.16). To demonstrate the screening process, the investigators chose 
to study the copper-catalyzed asymmetric conjugate addition of diethylzinc to chalcone 
1.40 with six chiral phosphoramidite ligands. The enantiomeric excess values of these 
reactions were accurately determined by the color of the LC and 1.39 was identified as 
the most active and selective ligand for this reaction. The drawback of this method is the 
necessity for derivatization of the starting material. However, this methodology allows 
fast and accurate screening of enantioselectivities in asymmetric catalysis. 
 
 
Scheme 1.16: Copper catalyzed asymmetric conjugate addition of diethylzinc to para-n-
heptyloxyphenyl-substituted chalcone. Tf = trifluoromethanesulfonyl. 
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High-throughput screening methods are also being developed in our lab for 
asymmetric catalyst discovery. The method is based on an Indicator Displacement Assay 
(IDA).46 An indicator displacement assay relies upon a colorimetric or fluorescent 
indicator that changes optical or electrochemical properties when bound to a host relative 
to being free in the bulk medium. The advantage of this method is it eliminates the need 
of attaching the fluorophore to the receptor, subsequently simplifying the synthesis of the 
receptors. The most commonly used indicators are pH indicators.47 The competition 
between an indicator and the guest of interest for the binding site of the host allows the 
determination of total guest (or analyte) concentration [G]t. We have expanded the scope 
of IDA to enantioselective indicator displacement assays (eIDA’s) by incorporating 
chirality into the host,48-51 which allows us to quantify ee in addition to the concentration 
of a chiral analyte. This approach relies on the energetic difference between the two 
diastereomeric complexes that are formed when a chiral host interacts with the two 
enantiomers of the guest molecule. Artificial Neural Networks (ANNs) has been used by 
the investigators as the data analysis tool. ANN-based approaches have advantages that 
include a capacity to self-learn and to model complex data without the need for a detailed 
understanding of the underlying phenomena.52, 53 There are many types of neural 
networks for various applications available in the literature. Multilayered perceptron 
(MLP) is the simplest, and therefore most commonly used neural network with a feed-
forward topology. In many of our studies a simple three layered MLP network is utilized. 
The Anslyn group has shown that chiral boronic acid based receptors can 
enantiodiscriminate chiral diols and chiral alpha-hydroxycarboxylic acids using eIDA50 
(discussed in chapter 3). They have also reported that eIDA with chiral CuII complexes 
and indicator chrom azurol S (CAS) was used to discriminate 13 of the 20 natural -
amino acids (Scheme 1.17A). The assay was first developed using a UV-vis 
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spectrophotometer where the ee calibration curves were generated to determine the ee of 
the unknown amino acid solution.54 To transition into a high-throughput screening 
method, a 96-well plate format was used to create ee calibration curves. The ee of 
unknown solution were then analyzed and the results were compared to those previously 
obtained with a conventional UV-vis spectrophotometer. The two techniques show little 
or no difference in accuracy.55 
To examine the practicality of the assay a sample of valine was synthesized using 
the asymmetric reaction shown in Scheme 1.17B.56 The ee value of the unknown valine 
solutions was first analyzed by eIDA using [CuII(R,R-1.42)-(CAS)]2- method. The ee 
results of the eIDA method were show to differ from chiral HPLC and chiral shift reagent 
by 4.7% and 12.0%. The same data used to generate ee calibration curves for valine was 
then used to train an ANN, and the ee value for the unknown valine solutions predicted 
by ANN were compared to those obtained with chiral HPLC and chiral shift reagent. The 
errors between % L-valine values were 5.9% and 2.2% respectively. The two examples 
using eIDAs just described are truly high-throughput as samples can be analyzed very 
rapidly using 96-well (or more) plate format, and no derivitization is required.  
The Anslyn’s group has extended the definition of supramolecular chemistry 
within the context of analytical chemistry; noncovalent or reversible covalent interaction 
are considered supramolecular. The term Supramolecular Analytical Chemistry was 
defined by Anslyn,57 “the dynamic exchange of synthetic chemical structures that create 
assemblies which result in signal modulation upon addition of analytes.” The metal-
coordinated assembly and the reversible covalent bond formation of boronic receptors are 
example of such dynamic assemblies. 
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Scheme 1.17:A) Enantioselective indicator displacement assays for valine based on 
displacement of Chrom Azurol S (CAS) from complex [CuII(R,R-1.42)-(CAS)]2- B) The 
asymmetric reaction analyzed by the assay. 
 
Most recently in Anslyn’s group circular dichroism spectroscopy (CD) was used 
to determine the ee and concentration of unknown diamines samples.58 To adapt CD 
techniques to HTS we exploited the chiral metal [Cu(I)(BINAP)(MeCN)2]PF6 (1.43) 
complex that has a CD active metal to ligand charge transfer (MLCD) band. Both R and S 
complexes show MLCT bands around 340 nm, and the enantiomers give opposite cotton 
effects. To demonstrate the ability to distinguish enantiomers as well as chemical identity 
we studied the interaction of the analytes shown in Scheme 1.18 with (R)-1.43. Each 
diamine, as well as the enantiomers thereof, leads to different CD active MLCT bands. 
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As a representative example, the CD spectra produced by the addition of 2 equiv of either 
(1R,2R)-PD or (1S,2S)-PD to a solution of (R)-1.43 in acetonitrile are shown in Scheme 
1.18. Discrimination of all the analytes involved recording the CD spectra of each at 0.8 
mM concentration, and to ensure reproducibility each experiment was performed five 
times. The data was analyzed at four wavelengths and subjected to linear discrimination 
analysis (LDA).59 The LDA plot shows excellent discrimination of all the diamines and 
their enantiomers. To determine concentration and enantiomeric excess of unknown 
analyte solutions, ee titrations were performed at three different concentrations of PD. 
Five replicates were done for each ee titration. The data was analyzed using principal 
component analysis (PCA) showing orthogonal concentration and ee axes.59 To transition 
into a high-throughput screening method and to obtain quantitative values of ee and 
concentration ANN was used and the assay was transitioned to a 96-well plate format. 
Four test PD solutions were analyzed and the values of concentration and (%R,R) had an 
average error of only 7.7% and 2.6% respectively. Metal coordination combined with CD 
spectroscopy was used to create a pattern recognition protocol for several diamines. Due 
to the intrinsic chirality of the host, the substrates are classified enantioselectively on the 
PCA plot.  
Currently molecular recognition is driven by the goal of synthesizing receptors for 
various guest as a means of mimicking Mother Nature. However, because of the 
simplicity of the synthetic receptors, they cannot compete with enzymes because of their 
lack of specificity of binding. However in our group, we have used this lack of selectivity 
of synthetic receptors as a virtue in the context of array sensing. As described above, we 




Scheme 1.18: (A) 1,2 diphenylethylenediamine (PD), 1,2-diaminocyclohexane (DC), 
1,2-diaminopropane (DP), bis-(4-methoxyphenyl)-1,2-diaminoethane (MD) (B) [CuI(R)-
1.43] chiral complex (C) CD spectrum for (R)-1.43 [0.4mM] and 2 equiv of the 
enantiomers of PD [0.8mM]. 
 
1.4 SUMMARY AND OUTLOOK 
The examples illustrated in this chapter demonstrate how chemists are able to rapidly 
create a library of chiral catalyst that can potentially serve as mimics of natural enzyme 
systems. The screening of these catalysts for their efficiency and selectivity is often the 
rate-determining step. Over the last five years molecular sensors have been developed by 
supramolecular chemist to determine enantioselectivity, now the true potential of these 
molecular sensors for asymmetric catalyst discovery is being explored. Each reaction is 
unique thus new strategies have been developed by chemist to indicate enantioselectivity. 
This opens up a new chapter in the field of molecular recognition, simply because now 
large libraries of catalyst can actually be screened rapidly by these high-throughput 
screening methods. The proceeding chapter describes the journey towards the 
development of a high-throughput screening method for the determination of 
concentration and enantioselectivity of chiral 1,2 diols and alpha-hydroxycarboxylic 
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acids, using boronic acid receptors. To design efficient enantioselective receptors, the 
structural aspect of these receptors was investigated by x-ray crystallography and 11B 
NMR.  
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Chapter 2: A Structural Investigation of the N-B Interaction in an o-
(N,N-Dialkylaminomethyl)arylboronate System 
 
2.1 SACCHARIDE SENSING WITH MOLECULAR RECEPTORS BASED ON BORONIC 
ACID 
Saccharides and related molecular species are involved in the metabolic pathways 
of living organisms, therefore the detection of biologically important sugars (D-glucose, 
D-fructose, D-galactose, etc.), is vital in various medicinal and industrial contexts. The 
recognition of D-glucose is of particular interest, since the breakdown of D-glucose 
transport in humans has been correlated with several diseases: renal glycosuria1, 2, cystic 
fibrosis3, diabetes4, 5, and also human cancer6. Clear evidence exists that tight control of 
blood sugar levels in diabetics sharply reduces the risk of the debilitating long-term 
complications associated with this autoimmune diseases7. Industrial application of 
saccharide detection range from the monitoring of fermenting processes to establishing 
the enantiomeric purity of synthetic drugs.8 
Since the discovery that phenylboronic acid condenses with mannitol and other 
polyols to form phenylboronates,9 arylboronic acid functional groups have been 
incorporated into receptors for the detection of polyols and their derivatives.10-15 Over the 
past fifty years, sensing applications16-34 and chromatographic protocols35-42 that target 
these molecules based on their reversible covalent associations with boronic acid 
receptors have been created, including a few near-clinical applications.43, 44 Furthermore, 
some structural and mechanistic understanding of this important reversible covalent 
association has been gained.45-58 Early studies of arylboronic acid/diol association and 
arylboronic ester exchange reactions showed that the equilibrium (Figure 2.1a) becomes 
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rapid when the reactions proceed in aqueous alkaline solutions (Figure 2.1b), or in the 
presence of certain nitrogenous bases such as piperidine 2.1 (Figure 2.1c).39, 48, 59, 60 To 
explain the favorable thermodynamic effect seen at high pH (Figure 2.1a) in comparison 
to neutral pH (Figure 2.1b) it was hypothesized that the formation of hydroxyboronate 
complexes of 1,2 diols is accompanied by a significant release of angle strain, resulting 









































Figure 2.1: (a) Reversible association between an arylboronic acid and a vicinal diol. (b) 
Arylboronic acid and vicinal diol association under alkaline conditions. (c) Arylboronic 
acid and vicinal diol association in the presence of piperidine.29 
 
Formation of a saccharide complex at neutral pH is essential if practical boronic 
acid based sensors are to be developed. Since the pKa of the boronic acid saccharide 
complex is 1-2 units lower than the pKa of the boronic acid, the boronic acid-saccharide 
complex will only exist in significant amounts at neutral pH if the pKa of the boronic acid 
itself is  7. The pKa of phenyl boronic acid has been reported as 8.8, hence phenyl 
 41 
boronic acid requires basic aqueous conditions to form strong complexes. Therefore, to 
realize strong binding at neutral pH, the pKa of the boronic acid must be lowered. This 
can be achieved by incorporating electron-withdrawing groups onto the aromatic moiety; 
e.g 4-carboxy-3-nitrophenylboronic acid has a pKa of 7.0.
61 Another approach, pioneered 
by Wulff,41 employs a neighboring aminomethyl substituent. The pKa of these o-
aminomethylarylboronic acids has been determined as 5.3 and it was observed that the 
formation of the boronic ester was several orders of magnitude faster in this case. 
To create sensing ensembles for saccharides one must incorporate a mechanism 
that translates analyte binding into some kind of modulation of the reporter, thereby 
altering the optical or electrochemical properties. Fluorescent sensors for saccharides are 
of particular practical interest. This is in part due to the inherent sensitivity of the 
fluorescence technique. Only a small amount of sensor is required (typically 10-6M), 
offsetting the synthetic costs of such sensors. The utilization of the photoinduced 
electron-transfer mechanism stands out as the most popular.62 
Eleven years ago, Shinkai et al. published a landmark study on saccharide sensing 
using the fluorescent boronic acid receptor 2.2.63 It was postulated that the N-B 
coordination in 2.2 is enhanced upon association with saccharide substrates. This 
enhanced coordination arrests the photoinduced electron transfer (PET) process from the 
tertiary amino group to the anthracenyl fluorophore. Hence, the fluorescence of 2.2 is 
turned on in the presence of saccharide molecules in aqueous media.16, 17, 64 In the 
following years, beautiful elaborations on the basic design embodied in 2.2 have emerged 
for tuning selectivity and sensitivity, and such examples are generally seen as crowning 
achievements in the field of chemosensing.8-14  
Recently, data from Wang’s group suggested that N-B dative bonds may not be 
present in the boronate esters formed between o-aminomethylphenyl boronic acids and 
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saccharide molecules in aqueous media due to the competing solvolysis process (2.3d in 
Figure 2.2).57, 65 By analyzing the pH profiles of compound 2.2 and its complexes, the 
fluorescence intensity variations upon association with different saccharide molecules 
(including fructose and sorbitol that bind to boronic acids trivalently to preclude N-B 
bond formation), and computational analysis of the N-B bond strengths, Wang et al. 
concluded that the alternative solvolysis pathway should be operative in aqueous media, 
and strengthened solvolysis may be the cause of the fluorescence modulation of 






























































Figure 2.2: Shinkia’s and Wang’s boronic acid sensor 2.2, and suggestive species 
involved in fluorescence change. 
 
The question regarding N-B coordination in o-(N,N-
dialkylaminomethyl)phenylboronate derivatives attracted our attention because we were 
exploring chiral molecules that have reasonable structural rigidity for enantioselective 
sensing of -hydroxycarboxylates and chiral diols. In a structure such as 2.4 (Figure 
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2.3), the spiro arrangement around the boron atom results from formation of the N-B 
dative bond, and should pose a significant enantioselective bias to the association of 
chiral substrates such as the chiral vicinal diol (hydrobenzoin) depicted in Figure 2.3. 
Based upon this assumption, the studies on enantioselective sensing of -
hydroxycarboxylates and chiral vicinal diols were performed in aqueous media, and 
enantioselectivity was achieved.24, 29 To further improve the enantioselectivity of 
structures such as 2.4, we set out on a structural study to confirm or refute the presence of 
the N-B bond in an o-(N,N-dialkylaminomethyl)phenylboronate. With this study, we 
wish to provide a comprehensive picture, from a structural perspective, of the reversible 
association between an o-(N,N-dialkylaminomethyl)phenylboronic acid and its substrates 
in protic media. Further, future sensing technology development based upon boronic acid 
receptors should greatly benefit from the structural details revealed in this study of this 
particularly important association event. 
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Figure 2.3: Enantioselective indicator displacement assay using host-2.4(S,S) for (S,S)-
hydrobenzoin and (R,R)-hydrobenzoin with pyrocatechol violet (PV) as indicator. 
 
A method for the direct observation of an N-B dative bond, or the lack thereof, in 
an o-(N,N-dialkylaminomethyl)arylboronate under various experimental conditions was 
desired. The study described herein was used to investigate the existence of the N-B 
bond, as well as the factors that modulate the characteristic of the N-B interaction. 
Initially free boronic acid receptors and complexes with catechol were analyzed by x-ray 
crystallography.66  
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2.1.1 X-ray Crystallographic Analysis of Boronic Acid Receptors 
Previously in our group crystals of x-ray diffractable quality of boronic acid 
receptors 2.529 were created by diffusing pentane or hexanes into concentrated solutions 
of chloroform.66 It was postulated that the use of an aprotic solvent would facilitate N-B 
bond formation by excluding solvolysis. Compound 2.5 trimerizes into a cyclic anhydride 
to afford a 6-member-ring motif with alternating boron and oxygen atoms (Figure 2.4). 
Two out of the three boron atoms (B1, B2) adopt a tetrahedral configuration with the 
pyrrolidinyl nitrogen atoms (N1, N2) coordinated. The lengths of the N-B bonds67 are 
1.743 Å and 1.744 Å, respectively, comparable to the values reported for other boronic 
acid molecules with similar configurations.25, 55 The other boron (B3) center adopts a 
trigonal planar configuration, with nitrogen atom N3 left unbound. The O1-B3-O3 angle 
is 121.33º, which is typical for an sp2 hybridization. The average B3-O bond length is 
1.37 Å, slightly shorter than that of B1/B2-O bonds (1.43Å). The shorter bond length is a 
result of electron back donation from oxygen to the electron-deficient sp2 boron. 
Analogous trimerized cyclic boronic anhydride structures with various 
trigonal/tetrahedral boron atom arrangements have also been reported.68-70 Hence, as part 
of the boronate anhydride, the N-B dative bond was observed.  
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Figure 2.4: Left: Chemdraw presentation of the cyclic anhydride of 2.5. Right: ORTEP 
diagrams (50% probability ellipsoids) of the cyclic anhydride of 2.5. Hydrogen atoms are 
removed for clarity. 
 
The existence of N-B bond formation in aprotic solvents was further corroborated 
by the structure of 2.6, the complex between compound 2.5 and catechol. Complex 2.6 
was prepared by mixing equal molar parts of 2.5 and catechol in chloroform followed by 
azeotropic removal of water. The product was recrystallized by diffusing pentane into a 
concentrated chloroform solution. In the single crystal structure two different isoforms 
were found (Figure 2.5A, one isoform is shown), differing in conformations of the 
pyrrolidinyl ring. In both, the nitrogen atom was coordinated with boron. The N-B bond 
lengths in the conformers are 1.683 Å and 1.700 Å, respectively. They are slightly shorter 
than observed in the trimeric structure of 2.5, suggesting strengthened N-B interactions. 
The O-B-O bond angle is 105.70º, typical of a tetrahedral geometry. The average B-O 
bond length was 1.47Å, significantly longer than that observed in compounds 2.5 with 
sp
2 boron atoms. The observation of an N-B bond is also consistent with the chronicled 
structural studies by 1H, 11B, and 15N NMRs on boronic acids with neighboring amine 
groups and diol complexes in aprotic solvents (CDCl3, CD2Cl2).




Figure 2.5: Left: Chemdraw presentations of the complexes between 2.5 and catechol. 
Right: OREP diagrams (50% probability ellipsoids) of arbitrary conformers of 2.6 and 
2.6·CH3OH. Most hydrogen atoms are removed for clarity. 
 
When complex 2.6 was crystallized from methanol, a protic solvent, instead of an 
N-B dative bond, the boron atom was coordinated with a methoxy group from the 
solvent, and the nitrogen atom was protonated (Figure 2.5B). Three conformers were 
observed in the crystal lattice. They differ slightly in their pyrrolidinyl ring 
conformations. The average B-O bond length is 1.50Å, and the O-B-O bond angle of the 
cyclic catechol boronate is 102.43º. In all the conformers, the nitrogen and boron atoms 






Zwitterionic ammonium boronate structures have been reported before. Reetz et 
al. prepared a crown ether phenyl boronate of catechol (2.7, Figure 2.6).74, 75 When 
compound 2.7 was allowed to react with a 1:1 mixture of methanol and benzylamine in 
dichloromethane, a ternary complex (2.8) was formed. The crystal structure showed that 
methanol was deprotonated by benzylamine in this ternary complex and the methoxy 
group was coordinated with the boronate to afford a zwitterionic complex.75 The 
ammonium ion was stabilized by both hydrogen bonding with the crown ether moiety 
and ion pairing with the boronate anion. As in the structures in Figures 2.6, the amino 
group in compound 2.8 forms an ammonium ion instead of coordinating with the boron 
atom. The substantial stabilization of the ammonium ion by a crown ether moiety 
apparently facilitates the zwitterion formation.  
 
 
Figure 2.6: The formation of zwitterionic amino boronate 2.8 reported by Reetz, et al.  
On the other hand, N-B bonded amino boronate has also been crystallized from 
protic solvents. We previously reported a crystal structure of o-(N-
benzylaminomethyl)phenylboronic acid (2.9) obtained from methanol as a dimethyl 
boronate with an N-B bond of 1.665 Å (Figure 2.7).25 The shortened N-B bond length 
comparing to that of 2.6 suggests stronger N-B coordination. The strengthened N-B 
interaction should be due to the more sterically accessible nitrogen lone pair of electrons 
2.7 2.8 
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in a secondary amine than in a tertiary amine as in 2.6. In support, steric hindrance has 
been invoked by Norrild et al. as the cause for the absence of a N-B bond in a ferrocene 
bisboronic acid complex with D-sorbitol.54 Interestingly, 11B NMR – pH profile of 2.9 in 
10% CD3OD in water indicates that the boron atom is solvated in solution (see the next 
section).55 Therefore, as evidenced in the discrepancy between the structures of 
compound 2.9 in solid state and in solution, caution should be applied when solution 
behavior is predicted based upon solid state evidence. 
Further evidence for steric effects comes from Reetz and co-workers. They 
reported a catechol phenylboronate structure with an N-B coordinating benzylamine.76 
The coordination of boron with this primary amine affords an N-B bond length of 
1.612Å, shorter than that in compound 2.9. The 11B NMR chemical shift of the 
benzylamine complex in CD2Cl2 is 9 ppm, indicating a stronger sp
3 character of boron 
than that of the tertiary amino group-based compounds reported in this article, whose 11B 
NMR chemical shifts range from 12-16 ppm (see the next section). Therefore, the 
balance between N-B coordination and the solvated analog is also influenced by steric 
interactions, likely favoring N-B coordination with primary amines and smaller alkyl 
groups, both in solution and solid states.  
 
 
Figure 2.7: Chewdraw presentation and crystal structure (ORTEP, 50% probability 
ellipsoids) of dimethyl o-(N-benzylaminomethyl)phenylboronate (2.9). 
2.9•CH3OH 
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Therefore, the conclusion drawn from the x-ray crystallographic analysis is that 
the formation of either N-B coordinated or solvated structures largely depends upon the 
solvent from which a boronate crystallizes. 
 
2.2 RESULTS AND DISCUSSION 
2.2.1 X-ray Crystallographic Analysis 
In our previous crystal structure of complex 2.6, the hydrogen was approximated 
to be in between the nitrogen and the oxygen of methanol. In order to clearly identify the 
position of the hydrogen atom the crystal was resynthesized and analyzed using refined 
x-ray crystallography. A total of 525 frames of data were collected using -scans with a 
scan range of 0.8° and a counting time of 153 seconds per frame. The hydrogen atom was 
found to be on the nitrogen with an average bond length of N-H was 1.03 Å which is 
indicative of the N-H covalent bond (Figure 2.8). 
 
 
Figure 2.8: View of complex 2.6 showing the atom-labeling scheme. Displacement 
ellipsoids are scaled to the 50% probability level. The dashed line is indicative of a H-





B NMR Analysis 
Structural characterization in solution 
Structural studies using 11B NMR were carried out to investigate the factors (e.g. 
solvent, pH) that affect the nature of the N-B interaction in solution. The same sample of 
crystals used to obtain the x-ray structure of 2.5 displays two 11B signals at 26.8 ppm and 
15.7 ppm in CDCl3 (Table 2.1). The major signal accounting for ~66% of the sample at 
15.7 ppm is assigned to the N-B coordinated tetrahedral boron, based on the comparison 
with literature data.45, 46, 77 The minor signal (~34%) at 26.8 ppm is assigned to the 
trigonal planar boron species with no N-B bond. The relative abundance of the tetrahedral 
and trigonal planar boron species (roughly 2:1) correlates well to what was observed in 
the single crystal structure of the cyclic trianhydride (Figure 2.4). In CD3OD, however, 
the same set of crystals of compound 2.5 shows a single peak at 8.3 ppm. This 
significantly downfield signal from the resonance of the N-B coordinated species is 
assigned to the fully solvated species,78 analogous to other literature reports.50, 55, 56, 79 The 
difference of 11B NMR data of compound 2.5 with respect to NMR solvents suggests that 
the boron center is very prone to solvolysis, which is in agreement to the conclusion 









































Table 2.1: 11B NMR chemical shifts ( /ppm) of selected boronic acids and esters in 
CDCl3 and CD3OD, respectively.
a N. D.: not determined. 
 
Compound No. 
11B NMR ( /ppm, 160 MHz, 
(CDCl3) 
11B NMR ( /ppm, 160 MHz, 
(CD3OD) 
2.5 26.8    15.7* 8.3 
2.6 14.7*    10.4 14.3    10.2*    8.2 
2.10 13.2 9.0 
2.11 12.0*    7.8 8.0 
2.12 13.6 11.7,    6.2* 
2.13 15.5*    11.6 11.8*    8.1 
2.7
68 30 (CD2Cl2) N. D. 
2.8
69 9.0 (CD2Cl2) N. D. 
2.9
17 N. D. 10.3 
a: All 11B NMR chemical shifts are referred to external standard BF3-OEt2. *: Major 
signals.  
 
In the 11B NMR spectrum of complex 2.6 in CDCl3 (Table 2.1), the signal at 26.8 
ppm found for the cyclic trimer of 2.5 disappears, indicating that the boron atom 
completely adopts a tetrahedral configuration upon associating with catechol. The major 
signal (~90%) at 14.7 ppm is assigned to the N-B coordinated species. The minor signal 
(~10%) at 10.4 ppm is assigned to the solvated species. The small extent of solvolysis is 
attributed to the adventitious wetting of CDCl3. The assignment of the solvated species is 
based on the spectrum of complex 2.6 in CD3OD, in which the major signal (~80%) of 
2.6 appears at 10.2 ppm. Also in CD3OD, a minor peak at 14.3 ppm (~10%) was 
 54 
observed, which is indicative of a small portion of N-B coordinated species. Another 
minor species (~10%) was observed at 8.2 ppm, which is assigned to the solvated 
compound 2.5 from the dynamic dissociation of the complex 2.6 to 2.5 and catechol in 
CD3OD. The 
11B NMR assignments of different species are summarized in Figure 2.9. 
 
 
Figure 2.9: (A) The 11B NMR assignments for different species in the equilibrium 
between 2.5 and 2.6 (blue: trigonal planar boron, orange: tetrahedral boron with an N-B 
dative bond, red: tetrahedral boronate anion). (B) The reversible association between 2.5 
and catechol in CDCl3 to create 2.6. (C) The reversible association between 2.5 and 
catechol in CD3OD to create 2.6•CD3OD. 
 
The solvent-dependent 11B NMR spectra of compounds 2.5 and 2.6 was in 
agreement with the solid state structural studies – the boron atom in this particular 
phenylboronate system is very prone to solvolysis. In the aprotic solvent chloroform, the 
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boron atom in free receptor 2.5 adopts N-B coordinated tetrahedral and/or N-B 
uncoordinated trigonal planar configurations. When compound 2.5 is associated with 
catechol to afford complex 2.6, the complete formation of an N-B dative bond was 
observed (Figure. 2.9B). The conversion of boron hybridization state from sp2 to sp3 was 
attributed to the increased electrophilicity of the boron atom upon association. Two 
factors contribute to the increased electrophilicity of the boron atom: 1. The electronic 
induction effect from the electron-withdrawing substrate catechol and 2.2. the 
geometrical constraints to be tetrahedral upon associating with the vicinally 
bifunctionalized catechol molecule. In a protic solvent such as methanol, however, 
solvolysis appears to be the dominant pathway for both free receptor 2.5 and complex 2.6 




B NMR titrations in aprotic and protic media 
11B NMR titrations were performed to investigate the correlation between the N-B 
bond strength and complex formation between 2.5 and substrates hydrobenzoin, catechol, 
and -hydroxyisobutyric acid. These three molecules model three groups of 
physiologically important substances; saccharides, catecholamines, and -
hydroxycarboxylates that are common targets of boronic acid-based chemosensing 
applications. From the titration experiments, we wished to explore the modulation of N-B 
interactions in compound 2.5 upon associating with the aforementioned substrates under 
different experimental conditions and to further elucidate the underlining chemical events 
taking place upon association.  
With the addition of hydrobenzoin (either enantiomer) in CDCl3, the chemical 
shifts of boronic acid 2.5 (26.7 ppm and minor at 9.3 ppm from adventitiously hydrated 
2.5) disappeared and a peak at 13.4 ppm, which is characteristic of a nitrogen-coordinated 
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arylboronate, developed (Figure 2.10A). This titration clearly shows that in the aprotic 
solvent CDCl3, the complex formation promotes the N-B coordination by raising the 
electrophilicity, or the Lewis acidity, of the boron atom. The Lewis acid-base interaction 




Figure 2.10: 11B NMR spectra of compound 2.5 (10 mM) in the presence of 0 – 80 mM 
hydrobenzoin in CDCl3 (A) and CD3OD (B), respectively. The tiny signal at 19 ppm in B 
is from the non-interfering impurity boric acid. In (A), the free boronic acid 2.5 in CDCl3 
exists as a mixture of different aggregates, e.g. cyclic trianhydride in Figure 2.5. 
 
The 11B NMR titration in CD3OD started with fully solvated compound 2.5 at 8.1 
ppm (Figure 2.10B). This signal disappeared with concurrent appearance of a new signal 
at 9.1 ppm with the addition of hydrobenzoin. The peak at 9.1 ppm was assigned to the 
solvated complex 2.9. No N-B coordinated species was observed. The 11B NMR titration 
experiments in both CDCl3 and CD3OD support the conclusion that the complexation to 
form a 5-member-ring boronate increases the electrophilicity (or Lewis acidity) of the 
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boronate, which leads to N-B coordination in aprotic solvents. On the other hand, the 
solvolysis pathway is too dominant in protic solvents such as methanol for N-B 
coordination to occur to a significant extent in the complex of 2.5 and hydrobenzoin.  
Catechol behaves similarly to hydrobenzoin as a substrate of 2.5 in a 11B NMR 
titration experiment in CDCl3 (Figure 2.11A). The signals of compound 2.5 (mixture of 
aggregates) at 26.7 and 9.2 ppm were reduced while the signal of the N-B coordinated 
complex (2.6) at 14.8 ppm grew in upon the addition of catechol. Interestingly, when the 
addition of catechol was over one equivalent, a new signal at 10.4 ppm appeared, which 
was assigned to a boronate triester species of a 1:2 complex. The underlining chemical 
event is that the Brønsted basicity of the nitrogen atom in 2.6 is less than that of 2.5 due 
to the strengthened N-B dative bond, the nature of which is a Lewis acid/base interaction. 
At the beginning of the titration, adventitious water in the NMR solvent (CDCl3) was 
able to protonate a small percentage of free receptor 2.5 (9.2 ppm). With an increasing 
amount of catechol, N-B coordinated complex 2.6 was formed and the Brønsted basicity 
of the nitrogen atom in 2.5 was consequently lowered. Therefore, the miniscule amount 
of water was no longer acidic enough to give a detectable amount of solvated complex. 
However, when the catechol exceeded one equivalent, it acted as a Brønsted acid (pKa 
9.3) that was strong enough to protonate the nitrogen atom. The resulting ammonium ion 
facilitated the coordination of a second catechol molecule to compound 2.6 to afford the 
triester species. This situation with an excess of the protic substrate catechol in CDCl3 




Figure 2.11: 11B NMR spectra of compound 2.5 (10 mM) in the presence of 0 – 80 mM 
catechol to create complex 2.6 in CDCl3 (A) and CD3OD (B), respectively. 
 
The 11B NMR titration with catechol in CD3OD (Figure 2.11B) was similar to 
that of hydrobenzoin, except that in addition to the solvated complex (10.3 ppm), a minor 
signal at 14.5 ppm also grew in with the addition of catechol. This peak was assigned to 
the N-B coordinated species by comparing the spectra in CD3OD with previous 
characterization data of complex 2.6 and titration data in CDCl3. Hence, the N-B 
coordinated and solvated species are found to be in equilibrium in this particular case. 
Therefore, although the solvolysis pathway is dominant in protic solvents, the N-B 
coordinated species can exist in equilibrium, and its extent of formation is dependent on 
the particular receptor and substrate structures. In fact, Norrild et al. examined an analog 
of 2.2 containing two boronic acid moieties and its complexation with glucose. They 
concluded that in this particular case the solvolysis and N-B containing structures both 
exist within the same complex in protic media.53 
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Finally, the 11B NMR titration with -hydroxyisobutyric acid was examined 
(Figure 2.12A). In CDCl3, N-B bond formation occurred with the addition of -
hydroxyisobutyric acid to compound 2.5 to afford the N-B coordinated complex 2.11 
(12.1 ppm). When the -hydroxyisobutyric acid exceeded one equivalent, the triester 
species of the 1:2 complex (9.0 ppm) was observed as in the catechol case, however on a 
much larger scale. -Hydroxyisobutyric acid is a much stronger Brønsted acid than both 
catechol and hydrobenzoin. It is able to protonate the pyrrolidinyl nitrogen of complex 11 
completely, greatly favoring the formation of the anionic triester boronate. In CD3OD 
(Figure 2.12B), the peaks of solvated receptor 2.5 and complex 2.11 coincided at 8.1 
ppm. The diastereotopic methyl groups in the 1H NMR of complex 2.11 in CD3OD 
confirmed that the complex was formed in methanol. However, the existence of the N-B 
coordinated species was difficult to substantiate, because an exceedingly small bump at 
the proper ppm does grow in, but its level is so close to the background resonance of the 
experiment that our confidence in its existence is marginal (examine Figure 2.13B at the 
12-13 ppm region). 
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Figure 2.12: 11B NMR spectra of compound 2.5 (10 mM) in the presence of 0 – 80 
mM -hydroxyisobutyric acid to afford complex 2.11 in CDCl3 (A) and CD3OD (B), 
respectively. The tiny signal at 19 ppm in B is from the non-interfering impurity boric 
acid. However, a signal at 12-13 ppm appears to grow in during the upper spectra of part 
B, possibly indicative of an N-B species at an exceedingly small fraction. 
 
11
B NMR - pH profiles 
11B NMR – pH profiles of compound 2.5 and complex 2.6 in a 3:1 CH3OH:H2O 
solvent mixture were studied in an effort to characterize the solution species at various 
pH. As shown in Figure 2.13, the first pKa (pKa1) could be either from deprotonation of 
the ammonium ion if the deprotonated species has the N-B dative bond, or from 
hydroxylation of the sp2 boron. Because there is a rapidly established equilibrium 
between the N-B coordinated and the solvated species, it cannot be determined from 
direct examination of the 11B NMR spectra which structure is formed after the first 
deprotonation (Figure 2.14A). However, according to literature data, the second 
deprotonation of an o-(N,N-dialkylaminomethyl)phenylboronic acid should occur after 
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pH 9.53, 55, 64 From the 11B NMR – pH profile of 2.5, no chemical shift transition was 
observed after pH 7, where the solvated species is dominant if not exclusive (Figure 
2.14A). Therefore, the second pKa should not be associated with hydroxylation of the sp
2 
boron. It is therefore concluded that the first deprotonation event for compound 2.5 is 
primarily the hydroxylation of the sp2 boron, where the 11B chemical shift transition from 
sp
2 to sp3 was observed at around pH 6.5, the value of pKa1. Hence, the second pKa 
primarily belongs to the deprotonation of the tertiary ammonium ion, which should be at 
its usual range of pH 9-10,41 or shifted slightly higher due to the proximal boronate anion. 
The ratio of N-B coordinated to solvated boronate dictates the extent that each pKa is 
dominated by boron solvation or ammonium deprotonation. In the cases we studied, the 
pKa’s are primarily attributed to the events just described above. Compared to arylboronic 
acids without o-(N,N-dialkylaminomethyl) groups, the pKa of the boronate is decreased 
by more than 3 units.41 Such pKa reduction is caused by the ion-pairing stabilization of 
the anionic sp3 boronate from the neighboring ammonium ion. 
 
 
Figure 2.13: Deprotonation of a boronic ester in aqueous media (or acid when R = H). 
Different colors represent different 11B NMR chemical shifts for respective species. The 
zwitterionic and fully deprotonated species have similar 11B NMR resonances (red) due 
to similar chemical environments. 
Similar pH profiles were reported for boronic acids in a previous study from our 
group,55 and others.54,58 The conclusion from our previous study on similar boronic acid 
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molecules stated that pKa1 was from the deprotonation of the ammonium ion. However, 
this was based upon the assumption that the N-B coordinated species was dominant in 
solution after the first deprotonation event.55 In light of the new experimental data that 
revealed the nature of the N-B interaction in protic media, we hereby conclude that pKa1 
of compound 2.5 in aqueous solution is primarily from the hydroxylation of the boronate, 




Figure 2.14: 11B NMR spectra of compound 2.5 (20 mM, A) and 2.6 (20 mM, B) in 75% 
methanolic solution with HEPES (25 mM) with pH ranging from 3 to 12. The signals at 
19 ppm are from the non-interfering impurity boric acid.  
 
In the 11B NMR – pH profile of complex 2.6 (Figure 2.14B), at pH 3 the boron 
atom in 2.6 was solvated to a small extent with an sp3 configuration (10.0 ppm). This is 
due to the well-known fact that the association with catechol raises the acidity of the 
boronate.81-83 In other words, complex formation promotes solvolysis. However, under 
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such acidic conditions, the affinity between 2.5 and catechol is low, and most of the 
complex is dissociated to 2.5 and catechol, with the boron in 2.5 having a trigonal planar 
geometry (~27 ppm).53 With increasing pH, the signal of solvated complex 2.6 increased 
with concurrent disappearance of the chemical shift of 2.5, suggesting enhanced affinity. 
When the pH was raised to 6.3, another minor species was observed at 14.4 ppm. This 
minor signal was assigned to an N-B coordinated species for three reasons: 1) its 
chemical shift at 14.4 ppm corresponds to the characterized N-B coordinated species 
(Table 1.1). 2) The occurrence of this signal at pH 6.3 matches well to the pH-dependent 
equilibrium of an N-B coordinated species in a protic medium with the solvated species. 
When the pH is too low, the nitrogen atom is primarily protonated; when the pH is too 
high, the boron atom is primarily hydroxlyated. Only when the pH is at an intermediate 
value can a subtle balance between Lewis acid-base and Brønsted acid-base interactions 
between the amino and boronate moieties be achieved (Figure 2.13). 3) The association 
between 2.5 and the vicinal bifunctionalized, electron-withdrawing substrate catechol 
stabilizes both the N-B coordinated species and the solvated species (see the next 
section). As a result two separated NMR signals corresponding to these two species were 
observed because their interconversion is slow relative the 11B NMR time scale. For 
boronic acid 2.5, however, the N-B bond stabilizing effect from catechol is absent. 
Instead a chemical shift transition from sp2 to sp3 solvated boron centers was observed 
(see inset, Figure 2.14A), with an interconversion rate faster than the 11B NMR time 
scale.50, 55  
The pH profiles of complexes between 2.5 and two other substrates – fructose 
(2.12) and tetrafluorocatechol (2.13) were also examined (Figure 2.15-2.16). The 
decreased pKa1 compared to that of 2.5 for both complexes was evident, and the solvated 
complexes dominated the species distributions. It was observed that complex 2.12 and 
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2.13 were not very stable at very high or low pH, too many possible isomeric species of 
the complex impede the resolution of the 11B NMR spectrum. However, the N-B 
coordinated species could not be unequivocally identified in either case. Overall, the 
identification of an N-B coordinated species of 2.6 in an aqueous medium, albeit with a 
very small abundance, suggests that although the solvated species of arylboronates are 
dominant in aqueous media, the occurrence of the N-B coordinated species is still 
possible, and the abundance depends on the substrate and the solvent system.  
 
 
Figure 2.15: 11B NMR spectra of compound 2.7 (20 mM) A) and 2.12 (20 mM) B) in 
75% methanolic solution with HEPES (25 mM) with pH ranging from 3 to 12. The 




Figure 2.16: 11B NMR spectra of compound 2.7 (20 mM), A) and 2.13 (20 mM), B) in 




Based on our structural investigation, we first conclude that in an aprotic solvent 
where the solvolysis pathway is absent, an N-B dative bond is usually present in an o-
(N,N-dialkylaminomethyl)arylboronate. However, in a protic media, solvolysis of the 
boronate can dominate, which affords a hydrogen-bonded zwitterionic species with little 
or no N-B dative bond. Second, when a boronic acid associates with a vicinal 
bifunctionalized, electron-withdrawing substrate to afford a 5-member-ring cyclic 
boronate, both N-B bond formation and boronate solvolysis are promoted due to the 
increased electrophilicity/Lewis acidity of the boronate. The N-B coordinated and 
solvated species are in equilibrium. The abundances of the two species are decided by the 
relative strengths of the Brønsted acid/base interaction between an sp2 boron and a protic 
solvent molecule and the Lewis acid/base interaction between the same boron atom and 
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neighboring nitrogen atom. Third, the first pKa of an o-(N,N-
dialkylaminomethyl)phenylboronate is primarily from hydroxylation of the sp2 boronate, 
the second pKa is primarily from the deprotonation of the neighboring tertiary ammonium 
ion. The markedly lowered boronic acid acidity41 compared to unsubstituted arylboronic 
acids (e.g. phenylboronic acid – pKa ~ 8.8) is due to the ion-pairing stabilization from the 
neighboring tertiary ammonium ion. Last, the N-B coordinated species can be observed at 
small abundance, but their presence depends on their structures and the solvent.  
By providing a relatively complete picture of the structures of o-(N,N-
dialkylaminomethyl)phenylboronates, a widely used motif in molecular receptor and 
sensor design, the correct interpretations of available data can be achieved and the 
designs of future sensing technologies will be facilitated. 
 
2.4 EXPERIMENTAL 
1H and 13C NMR spectra were recorded on a Varian Unity Plus 300 spectrometer, 
and 11B NMR spectra were taken on a Bruker AMX-500 (160 MHz) spectrometer using 
BF3•OEt2 as an external reference. High-resolution mass spectra were measured with a 
VG Analytical ZAB2-E spectrometer. Chemical reagents were used as purchased from 
various commercial sources. 
 
2.4.1 Synthesis 
Boronic acid host 2.5 was synthesized by reductive amination according to the 
established literature procedure.24 
Complex 2.6. Compound 2.5 (0.5 mmol, 103 mg) and catechol (0.5 mmol, 55 mg) 
were dissolved in CHCl3 (2.5 mL) and stirred with 1 g MgSO4 suspension at room 
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temperature for 30 min. MgSO4 was removed with vacuum filtration and the filtrate was 
concentrated. The crude product was dissolved in CHCl3 (5 mL) and concentrated again 
in order to azeotropically remove the condensed water. The product was purified by 
crystallization by diffusing pentane into its concentrated CHCl3 solution. The crystallized 
product was found to have low solubility in CH3OH. The filtrated, clear methanolic 
solution was placed in the fridge (4 ºC) where crystals were formed overnight. The 
crystals from CHCl3 and CH3OH solutions respectively were submitted for x-ray 
crystallographic analysis.  
 
Compound 2.6. m.p 100-101ºC 1H NMR (300 MHz, CDCl3)  7.58 (m, 1H), 7.37 (m, 
2H), 7.18 (m, 1H), 6.85 (m, 2H), 6.79 (m, 2H), 4.19 (s, 2H), 3.43 (m, 2H), 2.83 (m, 2H), 
1.96 (m, 4H); 13C NMR (75.5 MHz, CDCl3)  152.0, 140.3, 131.2, 128.8, 128.2, 122.7, 
119.6, 109.9, 63.7, 55.4, 23.1; HRMS (FAB): calcd. (M+H)+ 280.1503, found 280.1503.  
 
2.4.2 X-ray Crystal Structure Determination 
X-ray Experimental for 2.6 in methanol:  Crystals grew as colorless prisms by 
slow evaporation from methanol.  The data crystal was a prism that had approximate 
dimensions; 0.35 x 0.17 x 0.09 mm.  The data were collected on a Nonius Kappa CCD 
diffractometer using a graphite monochromator with MoK  radiation (  = 0.71073Å).  A 
total of 525 frames of data were collected using -scans with a scan range of 0.8° and a 
counting time of 153 seconds per frame.  The data were collected at 153 K using an 
Oxford Cryostream low temperature device.  Details of crystal data, data collection and 
structure refinement are listed in Table 1.1. Data reduction were performed using 
DENZO-SMN.84 The structure was solved by direct methods using SIR9785and refined 
by full-matrix least-squares on F2 with anisotropic displacement parameters for the non-
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H atoms using SHELXL-97.86 The hydrogen atoms on carbon were calculated in ideal 
positions with isotropic displacement parameters set to 1.2xUeq of the attached atom 
(1.5xUeq for methyl hydrogen atoms).  The hydrogen atoms on the nitrogen atoms were 
observed in a F map and refined with isotropic displacement parameters.  The function, 
w(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[( (Fo))2 + (0.0332*P)2 + (2.7466*P)] 
and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.122, with R(F) equal to 0.0558 and a 
goodness of fit, S, = 1.01.  Definitions used for calculating R(F), Rw(F2) and the 
goodness of fit, S, are given below.87 The data were checked for secondary extinction 
effects but no correction was necessary.  Neutral atom scattering factors and values used 
to calculate the linear absorption coefficient are from the International Tables for X-ray 
Crystallography (1992).88 All figures were generated using SHELXTL/PC.89  
 
2.4.3 General Procedure for 
11
B NMR Titrations 
All the 11B NMR experiments were done with quartz NMR tubes (Wilmad). Stock 
solutions of compound 2.5 (0.1 M) and catechol (0.1 M) in CD3OD (or CDCl3) were 
prepared. Each of the eight NMR tubes was loaded with 100 μL of solution 2.5 (0.1 M) 
first, followed with 0, 25 μL, 50 μL, 75 μL, 100 μL, 200 μL, 600 μL, and 800 μL of 
catechol solution (0.1 M) respectively. CD3OD (or CDCl3) was then added to take the 
total volume to 1.0 mL. Therefore, each tube contained 10 mM of 2.5, with 0, 2.5 mM, 5 
mM, 7.5 mM, 10 mM, 20 mM, 60 mM, and 80 mM of catechol respectively. Boron NMR 
were collected on Varian INOVA 500 with a sweep width of 51000 Hz, 131 k of data 
points, a 90º pulse width and a 1.2 second recycle time. Each spectrum was processed 
with 10 Hz line broadening, and a second order polynomial fitting routine was used to 
remove 11B background. The temperature was regulated at 27ºC. 
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2.4.4 General Procedure for 
11
B NMR – pH Profiles 
Solutions of compound 5 (0.6 mL, 0.1 M in CH3OH), HEPES (0.75 mL, 0.1 M in 
D2O), and catechol (0.6 mL, 0.1 M in CH3OH) were added in 16 vials and their pH 
values were adjusted with NaOH (2 M) or HClO4 (2 M) in a range from 3 – 12. The total 
volume of the samples was adjusted to 3.0 mL. The final concentrations for 2.5, HEPES, 
and catechol were 20 mM, 25 mM, and 20 mM, respectively. 
 
Additional Information: The work presented in this chapter was a collaborated effort 
and additional information is available online at http://pubs.acs.org.66 
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Chapter 3: Two Methods for the Determination of Enantiomeric Excess 
(ee) and Concentration of a Chiral Sample with a Single Spectroscopic 
Measurement 
 
3.1 ENANTIOSELECTIVE INDICATOR DISPLACEMENT ASSAYS (eIDAs) 
Library screening approaches for the development of asymmetric catalysts are 
becoming standard protocols in both industry and academia[1, 2] for rapid quantification of 
yield and enantiomeric excess (ee) of chiral products in a high-throughput fashion.[3, 4] 
Currently, parallel chromatographic methods are mostly employed for that purpose.[5-9] 
The development of optical spectroscopic assays (e.g. absorption or fluorescence) should 
ease the instrumentation dependence and increase the speed of high-throughput screening 
assays.[1, 10] 
We introduced the use of enantioselective indicator-displacement assays (eIDAs) 
to determine both concentration and ee of chiral samples.[11-13] Few other methods have 
been shown to have this capacity.[14-17] In an eIDA, two spectroscopic measurements are 
taken. First, the concentration of a chiral sample ([G]t) is determined with an indicator-
displacement assay (IDA)[18] using an achiral host  (Scheme 3.1A). Second, an eIDA is 
carried out where a chiral host (H*) is used to generate a [G]t and ee-dependent optical 
signal ( Abs). Such a signal is related to [G]t and ee via a mathematical function of 
solution equilibrium constants and molar absorptivities (Eq. 3.2, Scheme 3.1).[11] 
Because [G]t is known from the measurement using the achiral host H, the ee of the 
sample can be obtained by solving Eq. 2. We have used an arylboronic acid-based eIDA 
to quantitatively analyze chiral -hydroxycarboxylates and diols.[11, 12] The accuracies for 
both concentration and ee are well within the requirement for a typical asymmetric 
catalysis screening project. The association constants between the host and indicator are 
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determined through 1:1 binding isotherms. The affinities of the receptor to the guest are 
determined with traditional competitive spectrophotometric method. The relationship 
between ee and A is derived mathematically. 
 
 
Scheme 3.1: Two-step enantioselective indicator-displacement assays (eIDAs). A) 
Achiral host– 3.1; indicators–4-methylesculetin (ML); guest – -hydroxycarboxylate 
phenylactate (PL). B) Chiral host – (S,S)-3.2; indicators – alizarin complexone (AC); 
guest – (R) -hydroxycarboxylate phenylactate (D-PL) and (S) -hydroxycarboxylate 
phenylactate (L-PL). Abs – absorbance change; [G]t – guest concentration; ee – 
enantiomeric excess Eq. 3.1 is an empirical polynomial fit for an A vs. [G]t displacement 
curve. Eq. 3.2 is a theoretical function derived from solution multi-equilibria and Beer’s 
Law analysis. 
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3.1:1 Binding Isotherm 
To determine the binding constant KHI between the host and the indicator a 1:1 
binding isotherm is used. In this system a single 1:1 complex of Host:Indicator ([HI]) is 
formed. The [HI] complex and the free indicator ([I]) have significant different 
absorption spectra. It is assumed that Beer’s law is followed by all the species present on 
solution. The equilibrium equation is written as: 
H  +  I  HI          (3.3) 
without considering the activity coefficient at diluted solutions, the binding constant (K) 




                                                                                                             (3.4) 
Let the total concentration of [H] and [I] be [H]t and [I]t, respectively, we have the 
following mass balance expression 
[H]t = [H] + [HI]                                                                                                             (3.5) 
[I]t = [I] + [HI]                                                                                                                (3.6) 





                                                                                                            (3.7) 
 





                                                                                                         (3.8) 
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Substituting equation 3.7 and 3.8 in equation gives a quadratic equation that is rearranged 
as 
KHI[I]
2 + (1-KHI[I]t + KHI[H]t)[I] – [I]t = 0                                                                      (3.9) 
The real root of this equation is given by 
[I] = -(1-KHI[I]t +KHI[H]t) + { (1-KHI[I]t + KHI[H]t)
2 +4 KHI[I]t}
1/2                             (3.10) 
    2K 
Once [I] is obtained [H] and [HI] can be easily calculated by using Eq. 3.7 and 3.8 
According to Beer’s law, the absorbance of the equilibrium solution can be expressed as  
A= Hb[H] + Ib[I] + HGb[H:I]                                                                                    (3.11) 
where A is the absorbance a the selected wavelength; H, I, HI, are the molar absorptivity 
of the host, indicator and the host indicator complex at that wavelength. In the current 
study the boronic acid receptors are transparent at the observed wavelength. Therefore H 
= 0, Eq 3.11 is simplified as 
A = Ib[I] + HIb[H:I]                                                                                                    (3.12) 
Substituting the value of [I] and [H:I] values from equation 3.6 and 3.8 respectively, in 
Eq. 3.10 gives Eq. 3.13 
 
A = Ib +
HIbKHI[H]t














where b = path length; I = molar absorptivity of the indicator at that wavelength and H:I 
= molar absorptivity of the host indicator complex; KHI = binding constant between the 
host and the indicator; [H]t = host total concentration; [I]t = indicator total concentration. 
[H]t, [I]t and b are known variables the binding constant KHI and the H:I can be 
determined from the titration data by non-linear curve fitting with Eq. 3.13. 
 80 
3.1.2 Competitive Spectrophotometry 
To determine the binding constant between the host and the guest KHG 
competitive spectroscopy is used. If binding between the substrate and ligand does not 
produce a significant spectral change, the direct spectrophotometric method cannot be 
used. An alternative is to employ competitive spectrophotometry, in which the 
equilibrium is established between the host and the indicator, this equilibrium results in a 
spectral change. Then the guest molecule of interest is added to the solution resulting in a 
competition between the guest and the indicator for the host. The displacement of the 
indicator from the host causes a spectral change. 
In indicator displacement assay, we consider a system where only indicator and 
the guest forms 1:1 complex with the host. The competitive complexation equilibrium is 
HI  + G HG + I                                                                                                    (3.14) 
The mass balance expressions are  
[G]t =[G] +[HG]                                                                                                           (3.15) 
[H]t = [H] + [HG] + [HI]                                                                                              (3.16) 
[I]t = [I] + [HI]                                                                                                              (3.17) 










                                                                                                               (3.19) 





[G]t                                                                                                  (3.20) 
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[I]t                                                                                                      (3.21) 








[I]t                                                                  (3.22) 
This is a cubic equation for [H]. To numerically solve cubic equation 3.22 by Newton’s 
method, we need to rearrange it to the polynomial form: 
A[H]3 + B[H]2 + C[H] + D = 0                                                                                    (3.23) 
where A = KHIKHG 
B = KHI +KHG + KHIKHG[I]t + KHIKHG[G]t –KHIKHG[H]t 
C = 1+ KHI[I]t +KHG[G]t- KHI[H]t – KHG[H]t 
D = -[H]t 
In the indicator displacement titration, the total concentrations of the host and indicator 
are kept constant, and the total concentration of the guest is increased. A titration curve is 
obtained by plotting the absorbance at specific wavelength (A x) verses guest total 
concentration ([G]t). Since the host and the guest molecule used are transparent at the 
observed wavelength, the absorbance is expressed as the function of the free indicator (I) 
and the complex indicator (HI): 
A x = Ib[I] + HIb[HI]                                                                                                  (3.24) 
where b is the path length of the cell. 










                                                                                                       (3.26) 
Substitution of Eq. 3.25 and 3.26 in Eq. 3.24 gives 
A = {[I]t/(1+KHI[H])} { Ib + HIbKHI[H]}                                                                      (3.1) 
Origin is used to solve Eq. 3.23 for [H] by non-linear curve fitting using Eq. 3.1. Where 
KHI, I, and HI are previously determine by curve-fitting the data of the titration of the 
host into a solution of the indicator, [H]t and [I]t are kept constant through out the 
titration and are known. The [G]t (x) and the A (y) are read by Origin, and given the 
estimated initial values for KHG, the fitter can iteratively find the value of KHG best fitting 
the experimental data. 
Another method that is used to confirm the binding constant (KHG) that is obtained 
by Origin is by using a graphical approach by plotting [G]t/P against Q where Q is 
defined as the indicator ratio [I]/[HI] which allows us to write KHI =1/Q[I], which, 











                                                                             (3.27) 







                                                                                               (3.28) 












)Q+1                                                                                                        (3.30) 
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The indicator ratio Q can be obtained from Eq. 3.31 
Q = ( - HI)/( I - )                                                                                                          (3.31) 
where I and HI are the molar absorptivity of the free and complexed indicator, 
respectively , and  is the apparent molar absorptivity in any solution containing both 
forms. If the total indicator concentration is constant in all solutions, the absorptivity can 
be replaced by absorbance. KHI can be obtained by independent measurement on 
solutions of indicator and the host by conventional spectrophotometeric method. P is 
obtained by using Eq. 31. Adding a linear trendline to the graph of [G]t/P verses Q and 
varying the value of HI the value KHG can be obtained from the slope of the graph (slope 
= KHI/KHG). 
3.1.3 Ee Measurement by Indicator-Displacement Assay 
As enantioselective indicator displacement assay follow solution equilibrium a 
relationship between ee and the absorbance can be established. When a mixture of 
enantiomers are present, the concentration of all the solution species are defined by three 
solution equilibria. 





       (3.32) 
H* + GR H
*GR                                                                KH GR =
[H GR]
[H ]+ [GR]
     (3.33) 
H* + GS H
*GS                                                                 KH GS =
[H GS]
[H ]+ [GS]
     (3.34) 
The mass balance equations for the host ([H*]t), indicator ([I]t), and the guest ([GR], [GS]) 
[H*]t = [H
*] + [H*I] + [H*GR] + [H
*GS]                                                                       (3.35) 
[G]t = [H
*GR] + [H
*GS] + [GS] + [GR]                                                                         (3.36) 
[I]t = [H






([GR]+ [H GR]) ([GS]+ [H GS])
[G]t
                                                                     (3.38) 
Beer’s Law and indicator mass balance 
A = Ib[I] + HIb[H
*I]                                                                                                   (3.39) 










                                                                                                         (3.41) 
 = H*I– I                                                                                                                  (3.42) 














                                                                               (3.43) 
From Eq. 3.38 
X  [GR] +[H
*GR] , Y GS] + [H
*GS]                                                                      (3.44) 
Then 
X + Y = [G]t                                                                                                                 (3.45) 
X – Y = [G]t eeR                                                                                                            (3.46) 
Solving for X and Y give 
 




(1+ eeR)                                                                               (3.47) 
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(1 eeR)                                                                                (3.48) 






(1+ eeR)                                                                                      (3.49) 
Substituting the value of [H*GR] from Eq. 3.33 in Eq. 3.49 
 
[H GS] =
(1+ eeR )[G]t[H ]KHGS
2(1+ [H ]KH GR )
                                                                                   (3.50) 
Substituting the value of [GR] from Eq. 3.32 in Eq. 3.49 
 
[H GR] =
(1+ eeR)[G]t[H ]KH GR
2(1+ [H ]KH GR )
                                                                                 (3.51) 










) b[I]t ( H IKH I IKH GR )]




(1+ eeR )[G]t[H ]KH GS









) b[I]t ( H IKH I IKH GS )]
        (3.53) 
Substituting the value of [H*], [H*I], [H
*GR], [H
*GS] in Eq. 3.35 
[H*]t = [H
*] + [H*I] + [H*GR] + [H















KH I(A H Ib[I]t )










) b[I]t ( H IKH I IKH GR )]










) b[I]t ( HIKH I IKH GS )]
                                                 (3.53) 
 





























) b[I]t ( HIKH I IKH GS )]
 
 
where, I, H*I, KH*I is determined from the 1:1 binding isotherm of the host with the 
indicator. KH*R KH*S is calculated from the displacement isotherm. [I]t, [H
*]t, [G]t is 
known by the gravimetric analysis 
The requirement for applying two spectroscopic measurements for analyzing one 
chiral sample prompted us to engineer the eIDA system further to eliminate the need of 
separate measurements for concentration and ee. We now report two critical 
improvements. The first is a reduction of the number of measurements from two to one 
by using a dual-chamber quartz cuvette (Figure 3.1A).[19] A single absorption spectrum 
of the dual-chamber cuvette represents a combined optical response from each individual 
chamber caused by the addition of a chiral sample. The absorption data can be collected 
at the isosbestic points or alternate transparent region of the individual chambers, thus 
reflecting optical changes that take place in the other chamber. The consequence here is 
that two independent equations can be established using data collected from a single 
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spectroscopic measurement to determine the values of two independent variables 
(concentration and ee) in these two equations. In an extension of our mathematical 
procedure mentioned above, we describe a judicious choice of indicator/host 
combinations that takes advantage of this feature to generate both concentration and ee-
dependent calibration curves. Our second improvement uses the same dual-chamber 
cuvette to collect absorption data. However, we remove the requirement to measure 
equilibrium constants and molar absorptivities altogether via the use of an artificial neural 
network (ANN) where the data collection is not limited to just isosbestic points and 
transparent regions. We demonstrate both approaches using a previously reported boronic 
acid receptor 3.1 and (S,S)-3.2 (Figure 3.1).[11] The work reported here represents a 
significant advancement in the accuracy and more importantly, the speed of our eIDA’s 
methodologies. 
 
3.1.4 Isosbestic Point Analysis 
In the first approach, appropriate indicator/host combinations are added in 
respective chambers of the cuvette so that two independent equations regarding [G]t and 
ee can be established simultaneously with a single absorption measurement. The left 
chamber of the cuvette contained the achiral host 3.1 (H) and the colorless indicator 4-
methylesculetin (ML); while the right chamber contained the chiral host (S,S)-3.2 (H*) 
with the colorimetric indicator alizarin complexone (AC, Figure 3.1). Absorption 
modulations occur when the catechol-based ML and AC reversibly interact with boronic 
acid host 3.1 and (S,S)-3.2. The addition of the chiral -hydroxycarboxylate phenyllactate 
(PL) enantioselectively alters the ratio of free and chiral host-bound indicators ([I] and 
[H*I]), hence also the absorbance. 
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A particularly attractive feature of this cuvette is that absorption data can be 
collected at the isosbestic points, or transparent regions, of the spectra recorded in each 
individual chamber, thereby only reflecting optical changes that occur in the other 
chamber. The absorption spectra of ML/1 (blue) and AC/(S,S)-3.2 (red) titration 
experiments are overlaid in Figure 3.1B. The isosbestic point of AC at 387 nm ( 1) 
overlaps with a receptor-responsive region of ML that has a large dynamic range. At 387 
nm, the absorbance from the right chamber (AR) is independent of both host ([H*]) and 
guest ([G]t) concentrations, whereas the absorbance from the left chamber is only 
dependent on the guest concentration ([G]t) because the residing host in the left chamber 
(1) is achiral. By combining the absorbance from both chambers at this wavelength, Eq. 
3.54 is established (Figure 3.1D). In contrast, at 536 nm ( 2) where indicator ML is 
transparent, the absorbance change is solely due to the chemical events taking place in 
the right chamber. The absorbance is dependent on both [G]t and ee because the right 
chamber is occupied by the chiral host (S,S)-3.2 (Eq. 3.2). Putting these two equations 
together, the values of [G]t and ee can be solved. The overall spectroscopic modulation 
with the ee of PL ranging from -1 to 1, where the concentration of PL is fixed at 6.0 mM, 
is plotted in Figure 3.1C.  
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Figure 3.1: (A) A dual-chamber quartz cuvette containing indicators ML (left) and AC 
(right). (B) Overlay of two indicator-host isotherms. Blue: absorption spectra of ML 
(92.0 μM) in 75% methanolic aqueous solution buffered with 10 mM HEPES at pH 7.4 
(default buffer) in the presence of 0 – 0.44 mM of 1; Red: absorption spectra of AC (115 
μM) in the default buffer in the presence of 0 – 0.26 mM of (S,S)-3.2. (C) Absorption 
spectra of ML (198 μM), 1 (0.559 mM), AC (285 μM), and (S,S)-3.2 (0.765 mM) in their 
designated chambers in the default buffer in the presence of PL (6.0 mM) with ee of D-
PL varying from -1 to 1. (D) Two independent equations that correlate the absorbance 
(A) to [G]t and ee at wavelengths 1 (387 nm) and 2 (536 nm) 
 
The parameters required for Eq. 3.54 and 3.2 (AR, KH*I, I, H*I, KH*GR, KH*GS, [I]t, 
[H*]t, I = AC) are determined independently prior to the actual analysis. In short, the 
equilibrium constants and molar absorptivities (KH*I, I, H*I, KH*GR, KH*GS) were 
determined by UV/vis titrations in the dual-chamber cuvette (b = 0.5 cm, while the other 
chamber was filled with buffer blank in these parameter-determination experiments) 
using entiomerically pure PL samples (for experimental procedures see ref 11) AR was 
 90 
also determined from the above-mentioned titrations by averaging the absorption values 
at 387 nm when AC was used as the indicator at 284.5 μM. The total concentration 
values ([I]t, [H*]t) were determined gravimetrically.  
A calibration curve for [G]t determination was generated as the following: A 
displacement isotherm at 387 nm was afforded by titrating PL (either enantiomer, 0 – 
6.55 mM) into a solution of the achiral host 3.1 (0.307 mM) and indicator ML (202 μM) 
in the left chamber of the cuvette (the right chamber was filled with buffer). The isotherm 
was raised by adding AR (Eq. 3.54). As described before, AR is the absorbance at the 
isosbestic point (387 nm) of AC at the concentration of AC used in the right chamber 
(284.5 μM), which was determined to be 0.31. The empirical polynomial curve fitting 
afforded the A387 vs. [G]t relationship Eq. 54 as y = 8 10
-6 x6 – 0.0002 x5 + 0.0028 x4 – 
0.0181 x3 + 0.0727 x2 – 0.2043 x + 1.0318 (y = A, x = [G]t). The high-order (6
th) of the 
polynomial curve fitting allowed us to gain the maximum regression coefficient (R2 = 1). 
This equation was subsequently used as a calibration equation for the accurate 
determination of [G]t (Figure 3.2B). 
Three ee titration experiments were performed in the dual-chamber cuvette by 
using the 2-indicator-2-host system.[19] For each set of data, the concentration of PL ([G]t) 
was fixed and the ee of D-PL was varied from -1 to 1. The actual titration spectra are 
similar to the ones shown in Figure 3.1C. The absorbance at 387 nm vs. ee values for all 
three sets of spectra is shown in Figure 3.2A. As expected, the absorbance at 387 nm is 
independent of ee values. However, it differs with respect to total concentration [G]t 
(Figure 3.2A). The average absorbance values for every [G]t are overlaid with the 
calibration curve at 387 nm (Figure 3.2B). The predictive power of the calibration curves 
is evident. The concentrations [G]t of 11 designated unknown PL samples (the 
“unknown” samples were randomly chosen from the 3 titration experiments). These 11 
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data points were not included in the 3 calibration curves in Figure 3.3, but instead 
determined by solving Eq. 3.54 using the software Mathematica 5.1.[20] The average 
absolute errors were limited to an average of ± 3.3 % (Table 3.1).  
 
Table 3.1: Determination of concentration and ee of PL samples. IA: determined by 
isosbestic point analysis 
 
No. [G]t/mM (actual) [G]t/mM (IA) ee(actual) ee (IA) 
1 0.98 1.06 -0.90 -0.42 
2 0.98 1.03 -0.49 -0.22 
3 0.98 0.97 0.00 0.03 
4 0.98 1.00 0.90 1.00 
5 1.47 1.54 -1.00 -0.82 
6 1.47 1.46 -0.30 -0.31 
7 1.47 1.50 0.49 0.46 
8 1.96 2.06 -0.69 -0.61 
9 1.96 1.92 -0.10 -0.21 
10 1.96 1.98 0.69 0.62 




Figure 3.2: (A) Absorbance change at 387 nm of ML (202 μM), 1 (307 μM), AC (284.5 
μM), and (S,S)-2 (400 μM), in their designated chambers in the default buffer, upon 
increasing ee of D-PL. Diamonds: [G]t = 0.98 mM. Squares: [G]t = 1.47 mM. Triangles: 
[G]t = 1.96 mM. (B) Open diamonds: the absorbance change at 387 nm of the dual-
chamber ensemble in Figure 3.2A upon increasing concentration of L-PL (D-PL 
produced an identical curve, not shown). The average absorbance from the ee titrations 
(coding scheme as in Figure 3.2A at three different [G]t values are overlaid on the 
calibration curve 
 
The absorbance at 536 nm, where the bound indicator (H*I) absorbs, with regard 
to ee values at three different [G]t values are plotted in Figure 3.3. At a fixed [G]t, the 
absorbance decreases (which indicates that the amount of free indicator AC is reduced) 
with increasing ee of D-PL, the enantiomer with lesser affinity. When the [G]t found from 
the measurement in the first chamber is used in Eq. 2, only a function of ee is obtained. 
Calculated A vs. ee curves were generated for the three [G]t values as shown in Figure 
3.2. The overlay of the theoretical predictions with the experimental ee data for all three 
[G]t cases were shown in Figure 3.3 (Parameters used for solving Eq. 3.2: b = 0.5 cm, I 
= 4,600 M-1/cm, H*I = 128 M
-1/cm, KH*I = 15,000 M
-1, KH*GR = 2,174 M
-1, KH*GS = 7,142 
M-1, [H*]t = 0.40  10
-3 M-1, [I]t = 284.5  10
-6 M-1. I and H*I values were slightly 
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adjusted from values determined by AC and (S,S)-3.2 1:1 association titration experiment 
to gain satisfying curve fittings in Figure 3.3). Eq. 3.2 was then used to determine the ee 
of the 11 unknown PL samples, where their concentrations ([G]t) were determined by Eq. 
3.54. The average absolute error of the ee determination was ±7.9% (Table 3.1). The first 
2 outliers, which lay on the least sensitive region of the A vs. ee calibration curve, were 
excluded in the error determination. Hence, the determination of both [G]t and ee of 
chiral samples using single spectroscopic measurements is possible using a dual-chamber 
cuvette. This work was performed by Dr. Lei Zhu a post doc in Anslyn’s laboratories.21 
 
 
Figure 3.3: Filled squares: absorbance changes at 536 nm of the dual-chamber ensemble 
upon increasing ee of D-PL. (A) [G]t = 0.98 mM; (B) [G]t = 1.47 mM; (C) [G]t =1.96 
mM. Empty triangles: data calculated from Eq. 3.2 by the computer program 
Mathematica 5.1 
 
3.2 RESULTS AND DISCUSSION: 
3.2.1 Artificial Neural Network Analysis 
The second approach relies on an analysis using artificial neural networks 
(ANNs). An ANN is an information processing paradigm that simulates the way 
biological nervous systems, in particular the brain, process information. The computer 
programs that implement the ANN paradigm are able to solve problems by learning from 
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analogous existing examples. The theoretical foundation and the applications of ANNs in 
chemistry, mainly in the pattern recognition area, have been extensively reviewed.[22, 23] 
The chiral analysis problem in this study can be solved with an ANN program. 
The general procedure included 3 steps. First, the absorbance data obtained with known 
[G]t and ee values are fed into the program. A network is subsequently generated which 
accurately models the unknown underlying function that relates the input variables to the 
output variables. Second, a successful training session establishes a hidden function in the 
form of {[G]t, ee} = ƒ (A 1, A 2, A 3, etc.) within the network. Third, absorbance data 
from test samples are input into the network. After the new data are processed by the 
hidden function, the network will generate outputs, which in this case are the values of 
[G]t and ee. 
As a simple demonstration, the absorbance at 387 nm and 536 nm (A387, A536) 
from the three ee titrations and corresponding [G]t and %R (the percentage of R(D)-PL in 
the sample) values, excluding the 11 data points in Table 3.1, were used as training sets. 
A387 and A536 were considered as inputs, and [G]t and %R were outputs. Thus, a total of 
65 cases were imported into the STATISTICA Neural Networks 4.0 program,[24] 10 of 
these cases were randomly selected by the program for the cross-verification of the 
networks that are generated. In principle, a large number of networks are tested and the 
one with the best cross-verification error is selected. STATISTICA Neural Network has 
an embedded Intelligent Problem Solver (IPS) function, which is used to automatically 
create a network set that contains neural networks suitable for the designated problem. 
From the network set a multi-layer perceptron (MLP) with 2 inputs was selected based 
upon both its performance rating and our experience with MLP type of neural networks 
(Figure 3.4A).[25, 26] The selected MLP was subsequently trained with the back-
propagation algorithm. By then, the learning process of the MLP network was completed 
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Figure 3.4: Structures of two MLP networks in this study. Both have three layers: (A) the 
input layer at left has 2 variables – A387 and A536. The input layer is connected to, and 
processed by a hidden layer in the middle with 6 nodes. Two variables, [G]t and %R, are 
generated to the output layer at right; (B) the input layer has 43 variables from A392 to 
A602 with 5 nm intervals. The hidden layer has 11 nodes.  
 
For unknown sample analysis, the trained network was switched to run “one-off” 
cases. The “one-off” case is a function of the ANN program that takes a new input to 
generate an output by the trained network. Two absorbance values, A387 and A536, of the 
designated 11 unknown data were fed to the network to generate the output [G]t and %R. 
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The predicted [G]t and %R values for the 11 unknown samples are shown in Table 3.2 
with average absolute errors of ±0.45% and ±1.1%, respectively. 
 
Table 3.2: Determination of concentration and %R of PL samples with a trained MLP 
network (Figure 3.4B). 
 
No. [G]t/mM (actual) [G]t/mM (ANN) %R (actual) %R (ANN) 
1 0.98 0.98 5 4 
2 0.98 0.98 25 24 
3 0.98 0.99 50 48 
4 0.98 0.98 95 94 
5 1.47 1.47 0.0 -2.0 
6 1.47 1.47 35 35 
7 1.47 1.47 75 75 
8 1.96 1.96 15 14 
9 1.96 1.93 45 43 
10 1.96 1.96 85 84 
11 1.96 1.95 55 54 
 
However, strictly speaking, these unknown values are not technically unknown 
because they were obtained in the same set of titration experiments from which the 
training sets of data were generated. The trained MLP network should be able to predict 
[G]t and ee from independently prepared and measured samples, which would be true 
unknowns. Thus, to test the capability of the ANN-based model to respond to true 
unknown samples, we examined samples never used in network development. A new 
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MLP network was generated with only two ee training sets at two different [G]t values 
(0.98 mM and 1.96 mM). In this analysis, one independently determined ee data set with 
[G]t at 1.47 mM was used to represent unknown samples. The new network was 
constructed with absorbance values at 43 wavelengths, instead of 2, as inputs in order to 
enhance the quality of the trained network. Again, a network set was successfully 
generated by IPS, consisting of 34 training sets and 7 validation sets. The network with 
the best performance (structure in Figure 3.4B) was trained with back-propagation 
algorithm. The [G]t and %R of 5 samples from the data set with actual [G]t at 1.47 mM 
were predicted by the trained network within 11.4% and 4.2% average absolute errors, 
respectively, of the actual values (Table 3.3). Considering that the testing samples were 
prepared and data were collected under entirely independent conditions from those of the 
training set data, it is amazing that the ANN gained such predicting ability through 
learning. The relatively low accuracy in [G]t determination (determined average at 1.58 
mM vs. the actual value of 1.47 mM) should be attributed to the lack of [G]t variations in 
the training set data. The accuracy will certainly increase should a larger body of training 
set data be used. Admittedly, the ANN study reported herein is a proof-of-principle 
demonstration of the promise as well as limitation of analytical protocols based on 
ANNs. In a practical implementation, 10 times more data than used in this study points 








Table 3.3: Determination of concentration and %R of PL samples with a trained MLP 
network (Figure 3.4B). [G]t (actual) = 1.47 mM. 
 
%R (actual) 20 45 75 50 100 
%R (determined) 27 50 79 52 103 
[G]t/mM 
(determined) 
1.62 1.58 1.58 1.57 1.57 
 
The advantages of ANNs over the traditional spectroscopic approach based upon 
the analysis of solution thermodynamics and Beer’s Law in determining concentration 
and %R (or ee) of a chiral sample are obvious. What is required for implementing an 
ANN analysis is simply a large body of existing data (training sets) that represent the 
behavior of the system in interest (the spectroscopic modulation with regard to [G]t and 
%R), and a computer program (STATISTICA Neural Networks) that can model and 
predict behavior of the system that is not included in the existing data. Thus, the 
laborious determination of thermodynamic and optical parameters is not needed, and the 
indicator choice and wavelengths for analysis are not as restricted as in the isosbestic 
analysis. Furthermore, the ANN approach described in this study can be extended to 
other mixture analysis amenable to indicator-displacement assays. However, one 
drawback of ANN analysis is that a large body of existing data has to be available. ANNs 




In summary, we developed two different approaches for determination of 
concentration [G]t and ee of a chiral sample with a single spectroscopic measurement. 
The analysis of PL samples by eIDAs based on a chiral boronic acid host was used to 
demonstrate the described methods. The experimental setup for both methods relies on a 
cuvette with two separate chambers. In practice, two independent IDAs, one of which 
used a chiral host, were carried out simultaneously with the addition of identical guest 
samples in both chambers. In the first approach, an isosbestic analysis led to the 
establishment of two independent equations for solving two desired variables [G]t and ee. 
In the second approach, an artificial neural network (ANN) analysis enabled by the 
computer program STATISTICA was used for determining [G]t and %R. Both 
approaches achieved satisfactory accuracy. The implementation of either approach will 
be determined by particular applications and/or practitioner’s preferences. Both 
approaches are naturally extendable to high-throughput formats, potentially by using 
designer multi-well absorbance plate readers that simulate double-chamber cuvettes. 
 
3.4 EXPERIMENTAL 
3.4.1 Typical Procedure for Double-Chamber Cuvette ee Titration 
Four ensemble solutions (A-D) were prepared. Their respective compositions are: 
solution A – ML (202 μM), 1 (307 μM), D-PL (0.982 mM); solution B – ML (202 μM), 
1 (307 μM), L-PL (0.982 mM); solution C – AC (284 μM), (S,S)-3.2 (400 μM), D-PL 
(0.982 mM); solution D – AC (284 μM), (S,S)-3.2 (400 μM), L-PL (0.982 mM). 
Solutions B and D (500 μL each) were added into the left and right chambers of the 
cuvette respectively. Solutions A and C were incrementally titrated into the left and right 
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chambers, respectively, until 500 μL each of A and C were added, where the ee of PL 
reached 0 in both chambers. The absorption spectrum was recorded 3 minutes after each 
addition to allow the system to reach equilibrium. The titration was repeated with 
solutions B and D adding into solutions A and C in their respective chambers to complete 
the ee range from -1 to 1. 
 
3.4.2 ANN Training Procedure 
Among 65 data in the training set, 55 of which were designated as training data by 
the STATISTICA program, the rest 10 data were designated as verification data. The IPS 
was requested to search for MLP networks with 3 layers, input, hidden, and output, 
respectively. One search sequence was designed to last for 2 minutes, during which the 
number of units in the hidden layer was varied until the best network was found. The 
found network, which has 6 hidden layer units, was trained with back-propagation 
algorithm until the errors of training and verification data converged at ~1%. 
 
Additional Information: The work presented in this chapter is available online at http:// 
interscience.wiley.com.[21] 
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Chapter 4: A General Protocol for Creating High-throughput Screening 
Methods for Reaction Yield and Enantiomeric Excess Applied to 
Hydrobenzoin 
 
 4.1 HIGH-THROUGHPUT SCREENING PROTOCOL 
The unique role of chiral bioactive therapeutic substances is a source of 
inspiration for the design of efficient asymmetric catalytic processes.1 To this end, 
combinatorial synthesis, and stockpiles of chiral ligands, can afford large libraries of 
molecules as a potential source of new and improved catalysts.2, 3 Traditionally, the 
search for asymmetric catalysts has relied on iterative approaches wherein a single 
catalyst is designed, synthesized, tested and optimized. This cycle is repeated until a 
catalytically active system is obtained with the desired level of enantioselectivity. 
Considerable time and effort is spent in the screening of catalysts and experimental 
conditions, particularly with regards to the ee of the enantioselective reactions. In 
contrast, a high-throughput screening strategy would enable one to rapidly identify 
catalytically active systems, thus allowing for a much broader range of catalyst 
candidates and experimental conditions to be evaluated.4, 5  
In 1997, Reetz and coworkers introduced high-throughput screening (HTS) of 
reaction ee values.6 Following their pioneering work, methods such as chiral HPLC,7 
liquid crystals,8, 9 IR-thermography,10, 11 circular dichroism,12, 13 capillary 
electrophoresis,14 fluorescence,15, 16 mass spectrometry,17, 18 chemosensing,19 competitive 
immunoassay,20 NMR,21 and enzymatic methods have been  employed.22-27 However, 
most of these methods require prior derivatization of the analyte or require expensive 
instrumentation, and many are still quite slow. Herein, we report a colorimetric strategy 
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based on indicator displacement assays (IDAs) for creating HTS protocols that can be 
used for the rapid determination of molecular chirality as well as the yield of a reaction. 
An IDA rely upon a colorimetric or fluorescent indicator that changes optical or 
electrochemical properties when bound to a host relative to being free in the bulk 
medium.28 The most commonly used indicators are pH indicators.29 The competition 
between an indicator and the guest of interest for the binding site of the host allows the 
determination of total guest (or analyte) concentration [G]t (Scheme 4.1 (Eq. 4.1)). An 
IDA both eliminates the need to incorporate the chromophore or fluorophore into the 
structure of the host, thus simplifying the synthesis of the host molecule, and allows one 
to tune the sensitivity of the assay due to the ability to change the identity and 
concentration of the indicator.30 Our research group, and others, have developed 





Scheme 4.1: A) Indicator displacement assay (IDA) B) Enantioselective indicator 
displacement assay (eIDA) using a chiral host for chiral diols with bromopyrogallol red 
(BPG) as the indicator, H: host, I: indicator, G: guest/analyte,  Abs: absorbance change, 
[G]t: total guest concentration, ee: enantiomeric excess, *: indicates chiral center. 
 
We recently expanded the scope of indicator displacement assays to 
enantioselective indicator displacement assays (eIDA’s) by incorporating chirality into 
the host, which allows us to quantify ee in addition to the concentration of a chiral 
analyte (Scheme 4.1, (appropriate to the work described herein for hydrobenzoin in Eq 
4.2).37-43 This approach relies on the energetic difference of the two diastereomeric 
complexes that are formed when a chiral host interacts with the two enantiomers of the 
guest molecule. In our earlier work, chiral and achiral boronic acid hosts were used to 
determine ee and total guest concentration [G]t for chiral -hydroxycarboxylic acids.
40 
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We have also shown that artificial neural networks (ANNs) can be used to analyze the 
data obtained from cuvettes.42 
Herein, we describe a general approach to using eIDA’s for HTS of ee and 
reaction yield [G]t using ANN as the data analysis tool. Artificial neural networks 
(ANNs) are computational techniques that perform multifactorial analysis. ANN has been 
utilized to solve a wide array of problems ranging from character and voice recognition,44 
to modeling and data mapping.45 These unique abilities are just beginning to be exploited 
by organic chemists. 46 
 As described in the next section, the approach involves using a library of chiral 
receptors for the target analytes along with a series of three 96-well plates.  The first two 
plates create the methodology, while a third plate contains unknowns for analysis. In 
principle there could actually be as many of these plates as are required to analyze 
potentially hundreds to thousands of samples. To show that the approach leads to a 
method that is accurate, sixteen samples of hydrobenzoin with unknown [G]t and ee 
values were determined in less then ten minutes with an average absolute error of ± 0.17 
mM and 3.5% error in [G]t and ee values, respectively. Next, to show that the technique 
can be applied to catalyst discovery, the method developed for analyzing hydrobenzoin 
samples was applied to the analysis of the established Sharpless asymmetric 
dihydroxylation reactions. To our satisfaction the best cinchona alkaloid ligand known in 
literature was correctly identified.47-49 
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4.2 RESULTS AND DISCUSSION 
4.2.1 Synthesis 
 As described above, one criteria we set for ourselves is an easy synthesis of the 
hosts. Thus, a series of boronic acid hosts (Scheme 4.2A) were synthesized by reductive 
amination of 2-formylphenylboronic acid with chiral amines which were commercially 
available (Scheme 4.2B). The general one pot procedure described in our previous 
publication37 was used to make the achiral and chiral hosts (several of which are new), 
with the exception of host (S,S)-4.5 (Scheme 4.2C). Host (S,S)-4.5 was synthesized in 
two steps. The imine was first isolated by heating 2-acetylphenylboronic acid with the -
methylbenzylamine in toluene using a Dean Stark trap. The isolated imine was then 
reduced with NaBH4 in methanol at 0°C (lower temperatures were employed to achieve 
asymmetric induction). The product was isolated in a 70% yield with a diastereomeric 
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Scheme 4.2: A) Structures of the library of boronic acid hosts B) General reductive 
amination to synthesize chiral boronic acids C) Synthesis of host (S,S)-4.5.  
 
4.2.2 Design Criteria 
In this section we lay forth our vision for a general approach for creating HTS 
assays for ee and [G]t, while the remainder of this paper describes our first successful 
implementation of the approach. We deemed that certain basic criteria must be met in 
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order for the approach to be adopted by others. First, the receptors must be easily 
synthesized, optimally in only one or two simple steps from commercially available and 
inexpensive starting materials (preferably in both enantiomeric forms). Second, the 
optical signaling should be simple and adaptable to screening and optimization without 
involving additional synthesis. This criteria is the strength of an IDA, which is modular 
and thereby allows one to mix and match commercially available pH indicators with the 
receptors to rapidly reveal the most accurate assays. Third, a general platform for HTS 
that is inexpensive, fast, and allows for the generation of large data sets for both training 
an ANN and analyzing unknowns is needed. To achieve this criteria, we used a 96-well 
plate (microtiter plate) analysis system.  
Data collection in a 96-well plate format is significantly more rapid than in a 
standard bench-top UV-vis spectrophotometer. For example, after creation of the protocol 
(steps 1-3 below), a plate is loaded with host, indicator, buffer, and analyte solution using 
a microplate pipetting robotic system in approximately 10 minutes. A full absorption 
spectrum for each well is generated in approximately 30 minutes. The Absorption data is 
ported into a computer containing a trained ANN, resulting in essentially instantaneous 
output of the ee and [G]t values, making for a projected overall analysis time of around 
40 minutes for 96 unknowns. 
The creation of our overall protocol starts with the synthesis, characterization, and 
purification, of a series of chiral receptors for the chiral function group of interest. A 
small library of chiral receptors targeted to the analyte class of interest is created because 
it is likely that each and every new chiral analyte will not be best enantioselectively 
discriminated by a single chiral receptor. Therefore, we anticipate that it will be 
advantageous to screen each new analyte with a series of receptors to reveal the receptor 
most enantioselective for that new analyte. One strategy for creating a host-guest based 
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enantiomeric discrimination protocol would be to target highly enantioselective receptors.  
Yet, this has historically proven to be challenging, and often requires extensive synthesis 
in an iterative approach that optimizes a host’s enantioselectivity. 
Optimizing the host is not our approach. Rather, we aim to purchase our 
enantioselectivity in the form of simple chiral building blocks that can in one or two steps 
be incorporated into the receptors. Of course, this limits the potential enantioselectivity, 
but it does make the protocols more amenable to adoption by other researchers. To 
compensate for the limitation that we have set for ourselves, we use indicators and host 
combinations in our displacement assays that have large optical differences at a particular 
wavelength for enantiomeric analytes, thereby allowing us to make accurate assays, 
sometimes with even quite poor enantiomeric discrimination. 
Once the chiral receptors are in-hand, the following protocol is followed: 
Using traditional UV-vis titrations and standard binding isotherms, the proper 
concentrations for combining the receptors and indicators is determined as preparatory 
work required prior to screening for enantioselectivity.   
The receptors and indicators are then screened in a 96-well plate to reveal the best 
indicator/receptor combination for reporting the ee of a chiral target.  We call this the 
“screening plate” step. 
Once the optimal receptor/indicator combination(s) are revealed, optical data for 
different concentrations and ee values of the analytes is collected in a 96-well plate 
format to train an ANN. We call this the “training plate” step. 
Lastly, unknowns from reactions that were aimed at asymmetric induction or 
optimization of ee values are robotically loaded into 96-well plates for analysis.  We refer 
to this as the “analysis plate(s)” step.   
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The data from the analysis plates is ported into a computer, analyzed with the 
trained ANN, and the values of ee and [G]t for the unknowns are revealed. 
Step 1 involves a reasonable amount of work, yet we plan to ultimately automate 
this step.  But, importantly, because this step does not involve the analyte, but rather only 
the hosts and indicators, it does not need to be repeated when creating assays using the 
same respective hosts and indicators for any new analytes. Steps 2 and 3 are those that 
lead to an analyte specific assay, and would need to be repeated for each new analyte; yet 
they are quick because they involve a 96-well plate screen.  After steps 2 and 3 are 
accomplished, steps 4 and 5 can be repeated over and over for the analysis of numerous 
96-well plates containing unknowns.  We now describe the implementation of this 
protocol to the analysis of the chiral analyte hydrobenzoin, using boronic acid-based 
chiral receptors.  
 
4.2.3 Indicator Displacement Assay Optimization (Step 1) 
Our first goal was to determine the optimal concentrations of the various boronic 
acid hosts and indicator to be used in the HTS- eIDA. In our previous experience we have 
found that the best enantioselectivity is achieved when a host is 75-90% saturated with an 
indicator.40 To obtain this information 1:1 binding isotherms of the synthesized boronic 
acid hosts with various indicators were determined with traditional UV-vis titrations. We 
were also able to calculate association constant KHI between the hosts and the indicators 
from these 1:1 binding isotherms (Table 4.1). 
The 1:1 binding isotherm of all host with PV is shown in Figure 4.2-4.45. As 
shown in Figure 4.2B-4.45 the ideal concentration of host with PV (~ 90% saturation of 
host with indicator) for eIDA was determined from its 1:1 binding isotherm. In a similar 
fashion to determine the optimum ratio of each host to each indicator, UV-vis titrations 
 112 
were performed between the enantioselective hosts and the indicators: Alizarin (A), 
Alizarin complexone dihydrate (AC), Bromopyrogallol red (BPG), 4-Methylesculetin 
(ML), Pyrogallol red (PG), and Pyrocatechol violet (PV). Their 1:1 binding isotherms 
with each host were generated (Figure 4.2-4.45), and their association constants are 
listed in Table 4.1. The optimal ratio of the host/indicator (~90% of host saturated with 
the indicator) for an eIDA was determined from their respective 1:1 binding isotherms. 
Based on previous results, it was assumed that the binding constants of the two 
enantiomers of host-4.2 were the same for all the indicators, and that they would show 
opposite enantioselectivity with the two enantiomers of hydrobenzoin.40 Step 1 in our 
protocol is time consuming, but it never needs to be repeated again (unless for 
verification and/or for reproducibility). After succeeding in the determination of the 
optimal ratios of hosts and indicator, we turned to step 2 to reveal the proper 













































Figure 4.1: Structures of the selected catechol based indicators.
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Table 4.1: Binding constant KHI (10
3M-1) of boronic acid hosts with indicators. All 
titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH =7.4. All measurements were taken at 25°C. 
 






























































































Figure 4.2: A) UV-visible titration of host-4.1 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.3: A) UV-visible titration of host (S,S)-4.2 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.4: A) UV-visible titration of host (R)-4.3 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.5: A) UV-visible titration of host (R,R,R,S)-4.4 with PV (150 M) B) 1:1 
bindingisotherm (plot of the difference in absorbance at 520 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 




Figure 4.6: A) UV-visible titration of host (S,S)-4.5 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.7: A) UV-visible titration of host (R)-4.6 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.8: A) UV-visible titration of host (R)-4.7 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.9: A) UV-visible titration of host (R)-4.8 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.10: A) UV-visible titration of host (S)-4.8 with PV (150 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.11: A) UV-visible titration of host-4.1 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.12: A) UV-visible titration of host (S,S)-4.2 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.13: A) UV-visible titration of host (R,R,R,S)-4.4 with AC (200 M) B) 1:1 
binding isotherm (plot of the difference in absorbance at 540 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 
fitting to a 1:1 binding isotherm. 
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Figure 4.14: A) UV-visible titration of host (R)-4.6 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.15: A) UV-visible titration of host (S)-4.6 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.16: A) UV-visible titration of host (S)-4.8 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.17: A) UV-visible titration of host (R)-4.8 with AC (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 540 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.18: A) UV-visible titration of host-4.1 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.19: A) UV-visible titration of host (S,S)-4.2 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.20: A) UV-visible titration of host (R,R,R,S)-4.4 with A (200 M) B) 1:1 
binding isotherm (plot of the difference in absorbance at 483 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 
fitting to a 1:1 binding isotherm. 
 
 
Figure 4.21: A) UV-visible titration of host (R)-4.6 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.22: A) UV-visible titration of host (S)-4.6 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.23: A) UV-visible titration of host (R)-4.8 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.24: A) UV-visible titration of host (S)-4.8 with A (200 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 483 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.25: A) UV-visible titration of host-4.1 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 420 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.26: A) UV-visible titration of host (S,S)-4.2 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.27: A) UV-visible titration of host (R,R,R,S)-4.4 with PG (75 M) B) 1:1 
binding isotherm (plot of the difference in absorbance at 380 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 




Figure 4.28: A) UV-visible titration of host (R)-4.6 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 420 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.29: A) UV-visible titration of host (S)-4.6 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 420 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.30: A) UV-visible titration of host (R)-4.8 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 420 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.31: A) UV-visible titration of host (S)-4.8 with PG (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 420 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.32: A) UV-visible titration of host-4.1 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.33: A) UV-visible titration of host (S,S)-4.2 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.34: A) UV-visible titration of host (R,R,R,S)-4.4 with ML (75 M) B) 1:1 
binding isotherm (plot of the difference in absorbance at 380 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 
fitting to a 1:1 binding isotherm. 
 
 
Figure 4.35: A) UV-visible titration of host (R)-4.6 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.36: A) UV-visible titration of host (S)-4.6 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.37: A) UV-visible titration of host (R)- 4.8 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.38: A) UV-visible titration of host (S)- 4.8 with ML (75 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 380 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.39: A) UV-visible titration of host-4.1 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 570 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 




Figure 4.40: A) UV-visible titration of host (S,S)- 4.2 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 570 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.41: A) UV-visible titration of host (R,R,R,S,S)- 4.4 with BPG (30 M) B) 1:1 
binding isotherm (plot of the difference in absorbance at 570 nm with the addition of the 
host). All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid 
and Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements 
were taken at 25°C. The solid line is the calculated curve resulting from iterative data 




Figure 4.42: A) UV-visible titration of host (R)- 4.6 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 520 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.43: A) UV-visible titration of host (S)- 4.6 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 570 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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Figure 4.44: A) UV-visible titration of host (R)- 4.8 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 570 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
 
 
Figure 4.45: A) UV-visible titration of host (S)- 4.8 with BPG (30 M) B) 1:1 binding 
isotherm (plot of the difference in absorbance at 570 nm with the addition of the host). 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH: 7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid line is the calculated curve resulting from iterative data fitting to 
a 1:1 binding isotherm. 
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4.2.4 Screening for Enantioselectivity (In Preparation of Step 2) 
 Because we have not previously performed a screen in a 96-well plate to reveal 
the most enantioselective receptor, we first checked the enantioselectivities of the chiral 
receptors we have synthesized (Scheme 4.1A) by using standard eIDA methods. The goal 
was to check the results we would ultimately obtain in Step 2 of our general protocol, to 
make sure that the screen reveals the correct receptor. Hence, we checked the 
enantioselectivity of our new chiral receptors using pyrocatechol violet (PV) as the 
indicator.   
In the displacement assay the addition of the analyte (hydrobenzoin) to the 
indicator and the host solution causes a shift in absorbance of the resulting solution due to 
the displacement of the indicator from the host by the analyte. The displacement assay, of 
the host with the two enantiomers of hydrobenzoin is shown in Figure 4.3. As expected, 
the absorbance at 520 nm of the host (S)- 4.6 and PV complex [H:I] decreases to different 
extents with the two enantiomers. The association constants between the hosts and the 
two enantiomers can be calculated by traditional methods.50, 51 
Similarly, the association constant of the synthesized boronic acid hosts (4.1-4.8) 
with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin were determined (Figure 4.46-4.53). 
Of those synthesized boronic acid hosts, only host (S,S)-4.2, host (R,R,R,S)-4.4, host (S)-
4.6, host (R)-4.8 show significant discrimination between the two enantiomers of 
hydrobenzoin. Host (S,S)-4.5 did not show any enantioselectivity suggesting that adding a 
stereocenter to the benzylic carbon does not improve enantioselectivity. The association 
constants (KHG(R,R) KHG(S,S)) of the hosts that did show enantioselectivity with the two 
enantiomers of hydrobenzoin are listed in Table 4.2. As required by the first principles of 
stereochemistry, host (R)-4.6 and host (S)-4.6, and, host (R)-4.8 and host (S)-4.8, show 
equal and opposite enantioselectivity (Figure 4.51, 4.53). Host (S,S)-4.2 shows the 
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highest enantioselectivity. Interestingly, this particular host is the only C2 symmetric host, 
and apparently the CH2OCH3 groups on the pyrrolidine ring create a chiral environment 
that imparts the best enantioselectivity. 
Given these results, we set out to determine if a 96-plate analysis would lead to 
the same conclusion and to find the optimal indicator host combination for hydrobenzoin 
as a means to use this combination in the HTS assay. This next stage of the study 
constitutes the implementation of Step 2 or our general protocol.  
 
Table 4.2: Binding constant KHG (10
3 M-1) of boronic acid hosts, KHG(S,S)with (S,S)-
hydrobenzoin and KHG(R,R) with (R,R)-hydrobenzoin. All titrations were carried out in 
100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base buffer, pH =7.4. All 
measurements were taken at 25°C. The error reported here results from the computer fit 
to the experimental isotherm. In our pervious experience, there is approximately 10% 
error at most in the reproducibility in the KHG value. 
 



































Figure 4.46: Enantioselective indicator displacement assay (eIDA) of host-4.1 (700 M) 
/PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations were 
carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base buffer, 
pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 25°C. The 
solid lines are calculated curves resulting from iterative data fitting for displacement 
assay.51 
 
Figure 4.47: Enantioselective indicator displacement assay (eIDA) of host (S,S)-4.2 (300 
M) /PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations were 
carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base buffer, 
pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 25°C. The 




Figure 4.48: Enantioselective indicator displacement assay (eIDA) of host (R)-4.3 (960 
M) /PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations were 
carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base buffer, 
pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 25°C. The 
solid lines are calculated curves resulting from iterative data fitting for displacement 
assay.51 
 
Figure 4.49: Enantioselective indicator displacement assay (eIDA) of host (R,R,R,S)-4.4 
(500 M) /PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations 
were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base 
buffer, pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 




Figure 4.50: Enantioselective indicator displacement assay (eIDA) of host (S,S)-4.5 
(2010 M) /PV (220 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations 
were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base 
buffer, pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 
25°C. The solid lines are calculated curves resulting from iterative data fitting for 
displacement assay.51 
 
Figure 4.51: Enantioselective indicator displacement assay (eIDA) of host (S)-4.6 and 
host (R)-4.6 (400 M) /PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH =7.4, association constant KHI (10
3 M-1). All measurements were 




Figure 4.52: Enantioselective indicator displacement assay (eIDA) of host (R)-4.7 (420 
M) /PV (75 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations were 
carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base buffer, 
pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 25°C. The 




Figure 4.53: Enantioselective indicator displacement assay (eIDA) of host (R)-4.8 and 
host (S)-4.8 (400 M)/PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. 
All titrations were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH =7.4, association constant KHI (10
3 M-1). All measurements were 
taken at 25°C. The solid lines are calculated curves resulting from iterative data fitting for 
displacement assay. 51 
 142 
4.2.5 Screening Plate (Step 2) 
A screening plate was designed to determine which host and indicator 
combination shows the best discrimination between the two enantiomers of 
hydrobenzoin. Traditionally, acquiring this information would require several UV-
titrations as described above, which we did in this one case as a means to check the 
following results. In the future the plan would be to skip these titrations and move 
directly to a 96-well screening plate as now described. In this study the screening plate 
was generated with one enantiomer of each hosts (host (S,S)-4.2, host (R,R,R,S)-4.4, host 
(S)-4.6, and host (S)-4.8) (Figure 4.54). In our experience,40 the degree of 
enantioselectivity of a host is dependent on analyte concentration. Thus, two screening 
plates were designed, one at 5 mM, and the other at 10 mM concentration of the 
hydrobenzoin. The host/indicator combination that showed the best enantiodiscrimination 
of the two enantiomers of hydrobenzoin was determined to be host (S,S)-4.2, and 
bromopyrogallol red (BPG). A difference in absorbance of 0.237 was recorded at 570 nm 
with host (S,S)-4.2 and BPG at 5 mM and 10 mM [G]t (Figure 4.54B). To validate the 
technique, the absorbance of a racemic mixture of hydrobenzoin was recorded. The Abs 
of each host with the indicators are listed in Table 4.3 and 4.4. As described above host 
(S,S)-4.2 was also found to be the most enantioselective host for hydrobenzoin by 
traditional methods, thereby verifying the reliability of the screening process. 
Host (S)-4.6 and host (S)-4.8 also showed good enantioselectivity with BPG at 10 
mM concentration of hydrobenzoin with a Abs of 0.095 and 0.139 respectively. While 
host (R,R,R,S)-4.4 showed reasonable enantioselectivity using ML with an Abs of 0.064 
at 5 mM concentration of hydrobenzoin. Another chiral 1-2 diol may show a good 




Figure 4.54. A) Screening plate with indicators, A: Alizarin (200 μM), AC: Alizarin 
complexone dihydrate (200 μM), BPG: Bromopyrogallol red (60 μM), ML: 4-
Methylesculetin (125 μM), PG: Pyrogallol red (75 μM) PV: Pyrocatechol violet (150 
μM) and host (S,S)-4.2, host (R,R,R,S)-4.4, host (S)-4.6, host (S)-4.8 (See Table S1) and 5 
mM hydrobenzoin B) Displacement of indicator BPG (60 μM) from host (S,S)-4.2 (200 
μM) with (R,R)-hydrobenzoin (5 mM), Racemic mixture (5 mM) and (S,S)-hydrobenzoin 
(5 mM). All solution were made in 100% MeOH, 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH = 7.4. All measurements were taken at 25°C.
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Table 4.3:  Screening plate  Abs between (R,R)-hydrobenzoin & (S,S)-hydrobenzoin (5 
mM) calculated for A at 480 nm, AC at 540 nm, ML at 380 nm, BPG at 570 nm, PG at 
420 nm PV at 520 nm. 
 
Indicators 4.2(S,S) 4.4(R,R,R,S) 4.6(S) 4.8(S) 
A 0.015 0.004 0.003 0.023 
AC 0.017 0.1 0.012 0.006 
BPG 0.237 0.062 0.05 0.017 
ML 0.103 0.064 0.048 0.027 
PG 0.04 0.052 0.019 0.039 
PV 0.107 0.045 0.046 0.025 
 
Table 4.4:  Screening plate  Abs between (R,R)-hydrobenzoin & (S,S)-hydrobenzoin 
(10 mM) calculated for A at 480 nm, AC at 540 nm, ML at 380 nm, BPG at 570 nm, PG 
at 420 nm, PV at 520 nm. 
 
Indicators 4.2(S,S) 4.4(R,R,R,S) 4.6(S) 4.8(S) 
A 0.033 0.019 0.01 0.038 
AC 0.091 0.048 0.041 0.014 
BPG 0.237 0.041 0.095 0.139 
ML 0.064 0.053 0.066 0.039 
PG 0.052 0.028 0.042 0.021 




4.2.6 Brief Description of ANN 
Before describing the creation of our training plate, we start with a brief 
description of ANNs. ANN-based approaches have advantages that include a capacity to 
self-learn and to model complex data without the need for a detailed understanding of the 
underlying phenomena. There are many types of neural networks for various applications 
available in the literature. Multilayered Perceptron (MLP) is the simplest, and the most 
commonly used neural network with a feed-forward topology. In this study a simple three 
layered MLP network is utilized (Figure 4.55).46, 52-54 
 
 
Figure 4.55. Three layered Multilayered Perceptron Artificial Neural Network, analyte 
concentration ([G]t), percentage of (R,R)-hydrobenzoin (% RR). 
 
The first layer is the input layer, which in our case contains absorbance values of 
several different solutions. The data in the input layer is transferred through a set of 
weighted connections to the second layer, called the hidden layer. The hidden layer is 
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made up of several processing units. Each processing unit computes the weighted sum of 




where i represents unit in the pervious layer, ai is the output of unit i, wij is the weight 
connecting it to unit j, and Sj is the weighted sum of its input. 
Within the processing unit the weighted sum are passed through a sigmoidal 





The use of the sigmoidal function is to enable the network to be more adaptable, 
so as to need fewer hidden units to fit the data. The output of each unit in the hidden layer 
then passes to each unit of the next layer, which in this current study is the output layer 
([G]t, %RR). The output layer also sums and squashes its weighted inputs. Supervised 
training of a network consists of adjusting the weights to minimize disagreement between 
the outputs of the network and the desired output of the training set. The MLP network in 
this study is trained with back propagation algorithm, where the weights are optimized by 
minimizing the sum of squared differences between the desired and the actual values of 
the processing unit. 
E = 1     (ydj-yj)
2
j2  
where ydj is the desired value of the output of the processing unit j and yj is the actual 
output of that unit. Several training iterations are carried out until a satisfactory small 
value of error (E) is obtained.
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4.2.7 Training the ANN (Step3) 
The third step of our protocol calls for the training of an ANN. The results from 
the screening plate revealed that the enantiomers of host-4.2 with BPG were the best pair 
for enantiomeric discrimination of hydrobenzoin. Therefore three training plates with 
three hosts (host-4.1, host (S,S)-4.2 and host (R,R)-4.2) were made, all using BPG as the 
indicator. Two enantiomers of host-4.2 were used in the assay as they are cross reactive, 
meaning their responses are equal and opposite to the change in ee of the analyte. For 
example host (S,S)-4.2 is selective towards (S,S)-hydrobenzoin over (R,R)-hydrobenzoin, 
while host (R,R)-4.2 is selective towards (R,R)-hydrobenzoin over (S,S)-hydrobenzoin, 
and from our previous studies we know that cross reactivity enhances the accuracy of the 
assay.41 A training set consisting of eleven ee values (1, 0.8, 0.6, 0.4, 0.2, 0, -0.2, -0.4, -
0.6, -0.8, -1), created at four different total concentrations of hydrobenzoin (2 mM, 4 
mM, 6 mM, 10 mM), for each host, thereby generating a total of 44 cases. As host-4.1 is 
achiral, it responds only to the change in concentration of the analyte while, host (S,S)-4.2 
and host (R,R)-4.2 responds to both the change in concentration, as well as the change in 
ee of the analyte. The absorbance values at 570 nm recorded by a 96-well plate reader for 
the concentrations and ee values of hydrobenzoin described above are shown in Figure 
4.56. As observed the absorbance values of the two enantiomeric host for the two 
enantiomeric complexes is not equal (i.e. the absorbance value of host (S,S)-4.2 with 
(R,R) hydrobenzoin differs from the absorbance value of host (R,R)-4.2 with (S,S) 
hydrobenzoin at utmost ±0.03 Abs). This loss in accuracy is due to the use of a 96-well 
plate and the robotic plate loader. Therefore by using both enantiomers of host-4.2 we are 
able to cover this error in the analysis. 
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Figure 4.56. ANN training set, ee titration at 570 nm of (A) host-1 (1200 μM) and BPG 
(60 μM), (B) host (S,S)-4.2 (200 μM) with BPG (60 μM), and (C) host (R,R)-4.2 (200 
μM) with BPG (60 μM) at four different concentrations of hydrobenzoin (2 mM, 4 mM, 
6 mM, 10 mM). All solution were made in 100% MeOH, 10 mM para-toluenesulfonic 
acid, and Hunig’s base buffer, pH = 7.4. All measurements were taken at 25°C.  
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The data from these ee titrations was used as a training set for the development of 
an ANN.55 The Statistica Neural Networks program has an embedded intelligent problem 
solver (IPS) function, which automatically generates several neural networks that are 
suitable for the designated problem. The input layer contains the absorbance of each ee 
titrations from 540-580 nm at an interval of 2 nm thus a total of 21 absorbance values. 
Multiple wavelengths were used to increase the accuracy of the analysis (i.e when only 
one wavelength was used in the analysis of unknown samples the error in [G]t and ee of 
unknown samples was ± 0.89 and 6.49% respectively). The wavelength range recorded 
for each host making a total of 63 absorbance values for each of the 44 cases that differ in 
ee and [G]t. The outputs were total guest concentration [G]t and percentage of (R,R)-
hydrobenzoin (%RR). As ANN does not work well with negative values, %RR was used 
instead of ee in the neural network. A three layered MLP network with 63 inputs, 46 
hidden units and 2 outputs was used for the current study. Its selection was based upon 
both its performance rating and our experience with the MLP type of neural networks.56,57 
Final Analysis Step 4 and 5: An analysis plate was made where unknown samples 
with varying ee and [G]t values were tested. Sixteen unknown samples were made 
completely independently, and their [G]t and ee values were not included in the training 
set. The unknown samples were placed in the same plate as the training set as shown in 
Figure 4.57 to speed up the analysis. The absorbance values of the unknown samples 
were entered in the network and the network predicted  [G]t and % RR of the unknown 
sample. % RR predicted by ANN is then converted into ee, which is reported in Table 
4.5. The total time from sample preparation to prediction of ee and [G]t for the 16 
unknown samples was ~ 32min. The error was calculated in the form of average absolute 
error and was determined to be ± 0.17 mM for [G]t in the range of 3mM to 8 mM and ± 










Figure 4.57: Layout of the training/ analysis plate, solvent 100% methanol, pH 7.4, 10 
mM buffer (para-toluenesulfonic acid and Hunig’s base), analyte (R,R)-hydrobenzoin 
and (S,S)-hydrobenzoin, host (S,S)-2 (200 μM), BPG (60 μM).  
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Table 4.5. Determination of ee and [G]t of 16 unknown samples of hydrobenzoin. 
Average Absolute Error = (|Actual value|- |Experimental value|) 
 




ee (%) ANN ee (%) Absolute 
Error ee (%) 
3.00 2.72 0.28 58.30 60.84 2.54 
3.00 3.05 0.05 41.66 44.34 2.68 
3.00 2.96 0.04 25.00 24.24 0.76 
3.00 2.71 0.29 8.34 -3.20 5.14 
3.00 2.99 0.01 -8.34 -14.12 5.78 
3.00 3.11 0.11 -25.00 -30.00 5.00 
3.00 2.80 0.20 -41.66 -39.04 2.62 
3.00 2.92 0.08 -58.34 -52.86 5.48 
8.00 7.92 0.08 58.30 54.94 3.36 
8.00 7.93 0.07 41.66 33.52 8.14 
8.00 8.07 0.07 25.00 21.92 3.08 
8.00 8.23 0.23 8.34 4.18 4.16 
8.00 8.48 0.48 -8.34 -9.44 1.10 
8.00 8.05 0.05 -25.00 -24.18 0.82 
8.00 8.07 0.07 -41.66 -38.48 3.18 
8.00 8.59 0.59 -58.34 -60.96 2.62 
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4.2.8 Analysis of a Catalytic Asymmetric Dihydroxylation (Application of Steps 4 
and 5) 
Encouraged by the extremely high accuracy of our HTS protocol for the ee values 
of hydrobenzoin, we decided to test the method on an actual asymmetric reaction.  
Because our analysis was designed for a chiral diol, we naturally turned to the Sharpless 
dihydroxylation reaction. 
Two different commercially available cinchona alkaloids ligands, hydroquinidine 
1,4-phthalazinediyl diether (DHQD)2PHAL and hydroquinidine 4-chlorobenzoate 
(DHAD)CLB were examined (Figure 4.58). The literature reports that the reaction of 
trans- stilbene with (DHQD)2PHAL gives (R,R)-hydrobenzoin in 89% yield and 95% ee 
and the reaction of trans-stilbene with (DHAD)CLB  also give (R,R)-hydrobenzoin but in 













MeSO2NH2(1 equiv), K3FeCN6 (3 equiv), K2CO3 (3 equiv), t-BuOH-H2O (1:1), 




















Figure 4.58. Asymmetric dihydroxylation of trans-stilbene with two cinchona alkaloids 
A) (DHQD)2PHAL, B) (DHAD)CLB. 
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Prior to using the analyte from Sharpless asymmetric dihydroxylation reactions in 
the 96-well plate analysis, we wanted to verify the literature reported ee values of the 
reactions as a control. James, et al. has recently developed a three-component 
derivatization protocol for the determination of enantiomeric excess of chiral diols 58 
using 1.0 equiv of racemic diol, 1.0 equiv of 2-formylphenylboronic acid, and 1.0 equiv. 
of (R)-( )-methylamine were dissolved in CDCl3 with 4 Å molecular sieves, and the 
1H 
NMR spectra of an aliquot acquired after 5 min was recorded. The resulting 1H NMR 
revealed that a 50:50 mixture of the two diastereomers (S,S,R)-complex and (R,R,R)-
complex (Figure 4.59). The comparison of the relative intensities of two different set of 
integrals of the 1H NMR was used to accurately confirm the enantiopurity of the diol. The 
asymmetric dihydroxylation reactions with the two chinconoid ligand were analyzed by 
this method and their ee were determined to be 96% ee with (DHQD)2PHAL and 86%ee 
with (DHAD)CLB, similar to the literature values of 95% and 85% ee. With a confidant 





Figure 4.59. 1H NMR 300 MHz on a Varian Mercury 300 spectrometer in CDCl3 of the 
racemic mixture of hydrobenzoin after derivatization. 
 
In addition to the analysis of the Sharpless reactions using our optical method, we 
desired to test an expanded training set that covers more concentration values as a means 
of lowering the error in [G]t and ee determination, and increase the reliability of the 
network which is directly related to  the number of processing units in the hidden layer. 
Eleven ee values (1, 0.8, 0.6, 0.4, 0.2, 0, -0.2, -0.4, -0.6, -0.8, -1) at six different 
concentrations (2 mM, 3 mM, 4 mM, 6 mM, 8 mM, 10 mM) were placed in the 96-well 
plate with host-1, host (S,S)-4.2, and host (R,R)-4.2 using BPG as the indicator; making a 
total of 66 training cases for the network (Figure 4.60). With the help of Statistica Neural 
Network Software a three layered MLP network was created with 166 inputs per each of 
the 66 training cases (absorbance values of each host from 550 nm to 600 nm at an 
interval of 1 nm), giving 35 processing units and 2 outputs (% RR, [G]t). As predicted, 
 155 
the number of processing units is significantly lower in this network as compared to the 
network generated before. 
Asymmetric dihydroxylation reactions were performed according to the literature 
procedure,47, 49 the products were isolated and dissolved in the MeOH buffer solutions. 
Two samples of each asymmetric dihydroxylation reaction were made at two different 
[G]t’s (5 mM, 7 mM). These samples were then evaluated with all the three hosts (host-
4.1, host (S,S)-4.2, host (R,R)- 4.2) and BPG, and their absorbance values were analyzed 
by the MLP network generated. The ee and [G]t values predicted by the network are 
listed in Table 4.4. The [G]t and ee values predicted by the network were in excellent 
agreement with actual ee and [G]t values. The average absolute error for [G]t was ± 0.40 
mM in the range of 5 mM to 7 mM and for ee it was ± 2.38 %. Slightly higher [G]t error 
could be due to the fact that the unknown were individually synthesized in lab, and the 
error may actually reside in the “known values”. Thus, using this optical analysis we 
were able to easily discriminate between the 96% and 86% ee. Presumably dozens to 




Figure 4.60. ANN training set, ee titration at 570 nm of (A) host-4.1 (1200 μM) with 
BPG (60 μM), (B) host (S,S)-4.2 (200 μM) with BPG (60 μM), (C) host (R,R)-4.2 (200 
μM) with BPG (60 μM) at six different concentrations of hydrobenzoin (2 mM, 3 mM, 4 
mM, 6 mM, 8 mM, 10 mM). All solution were made in 100% MeOH, 10 mM para-
toluenesulfonic acid and Hunig’s base buffer, pH = 7.4. All measurements were taken at 
25°C. 
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Table 4.4. Determination of ee and [G]t of Sharpless asymmetric dihydroxylation 







ee*(%) ANN ee (%) 
Absolute 
Error ee 
5.00 4.51 0.49 96 94.44 1.56 
7.00 7.09 0.09 96 96.42 0.42 
5.00 4.49 0.51 86 93.24 7.24 
7.00 6.49 0.51 86 86.28 0.28 
 
4.3 SUMMARY 
In summary, we have introduced a step-wise protocol for the creation of high-
throughput screening methods using optical analyses in 96-well plates that exploit 
enantioselective indicator-displacement assays.  The first step involves finding the 
optimal host to indicator ratios, which are set values to be used in any future analysis.  
The second and third steps are analysis specific, and involve finding the best 
host/indicator duo for enantiodiscrimination and training an artificial neural network, 
respectively.  The fourth and fifth steps involve analysis plates containing samples of 
unknown ee and [G]t values and ANN data analysis.  The errors in ee and [G]t resulting 
from the analysis of true unknowns were remarkably low, in the 3.5% range for ee and ± 
0.17 mM for [G]t. Just to prove the utility of the system for analysis of catalytic reactions, 
the method developed specifically for hydrobenzoin was used to analyze ligands for the 
Sharpless asymmetric dihydroxylation reaction, and we confirmed the literature values 
and even further lowered the errors in ee by using a larger training set. This work 
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expands the scope of enantioselective indicator displacement assays to a complete 
protocol amenable to HTS. 
 
4.4 EXPERIMENTAL 
General Procedure for UV- Vis titrations: UV-Vis measurements were performed 
on a Beckman DU-640 UV-vis spectrophotomer. pH measurements were performed on 
an Orion 720Aph meter with a glass electrode. The selected indicators were 
commercially available. All titrations were done in a 1 cm light path UV-vis quartz semi-
micro cell, equipped with a silicon septum, and National Scientific gas-tight syringes 
were used to transfer solutions. Stock solutions of host, indicator and analytes were made 
in 10 mM solutions of para-toluenesulfonic acid and Hunig’s base (N,N-
diisopropylethylamine) in 100% spectral grade degassed methanol, and the pH of all the 
solutions were adjusted to 7.4. All measurements were taken at 25 °C. 
 
4.4.1 Determination of KHI Between Boronic Acid Hosts and Selected Indicators 
The binding constant KHI of the host to the indicator were calculated by 
measuring the change in the absorbance of the indicator with the addition of the host. The 
procedure described here is specifically for the indicator pyrocatechol violet. 
Two solutions A and B were prepared. The compositions of the solutions were: 
solution A, 150 μM PV, and solution B, 150 μM PV, and 1.6 mM boronic acid host 
( 10 equiv of boronic acid host to the indicator). Initially 500 μL of solution A was 
added to a UV-vis cell, and the change in absorbance of the resulting solution was 
monitored with addition of solution B to solution A in the cell. In between the absorbance 
measurement the solution was allowed to equilibrate for 3 minutes. Typically, the 
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titration was carried out until the change in the absorbance of the resulting solution from 
one reading to the next was <0.03. The change in absorbance at 520 nm was plotted 
against the total host concentration and the isotherm was used to solve for 1:1 binding 
constants KHI by multiple regressions using Origin (Microcal Software, Inc.). The math 
used to calculate the binding constant KHI using indicator displacement assay is described 
in detail in our previous publications.42 All titrations experiment for determing the 1:1 
binding constant KHI for all boronic acid hosts to the six selected indicators were carried 
out in a similar manner, except the concentration of each indicator used was adjusted so 
that the maximum absorbance from 300-600 nm was in the range of 0.2-1.4 over the 
course of a titration.  The concentration of the indicators and the wavelength at which the 
1:1 binding constants were determined were: A (200 M Abs at 483 nm), AC (200 M, 
Abs at 540 nm), BPG (30 M, Abs at 570 nm), ML (75 M, Abs at 380 nm) and PG (75 
M, Abs at 420 nm) (Figure 4.2 –4.45). 
 
4.4.2 Determination of KHG Between Boronic Acid Hosts and (R,R) & (S,S)-
Hydrobenzoin 
To gage the enantioselectivity of the chiral boronic acid hosts, enantioselective 
indicator displacement assays were utilized. The binding constant between the host and 
the analyte KHG was determined by measuring the change in absorbance of the host 
indicator solution with the addition of the analyte. PV was the selected indicator for this 
analysis. The procedure described here is for host (S)-4.6 and (R,R)-hydrobenzoin. The 
optimum ratio of host (S)-4.6 to PV was used in the enantioselective displacement assay 
(~ 90% saturation) was determined by using the 1:1 binding isotherm of host (S)-4.6 and 
PV. 
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Two solutions, C and D were made. The composition of the two solutions were: 
solution C 150 μM PV and 400 μM chiral host (S)-4.6, solution D 150 μM PV, 400 μM 
host (S)-4.6 and 15 mM (R,R)-hydrobenzoin. The UV-vis titration was carried out with 
these two solutions in the similar manner as described above. To determine KHG(S,S) of host 
(S)-6 with (S,S)-hydrobenzoin another titration was performed with (S,S)-hydrobenzoin. 
Similarly, the binding constant KHG(R,R) and KHG(S,S) between all the enantioselective host 
and (R,R)-hydrobenzoin and (S,S)-hydrobenzoin were determined, except the ratio of the 
host to the indicator (PV) was different in each case (Figure 4.46 – 4.53). 
 
4.4.3 96-well Plate Analysis 
Arrays were made by mixing hosts, indicators and analyte stock solutions within a 
Costar EIA/RIA polystyrene 96-well flat bottom plates. Absorbance spectra were 
recorded at ambient temperature on a BioTek SynergyTM 4 multi-detection microplate 
reader. BioTek PrecisionTM microplate pipetting system was used to add stock solution to 
the 96-well plate. Each well contained a total solution volume of 300 μL. After making 
the plate, it was sealed with a UC-500 sealing film to prevent solvent evaporation. 
 
Screening Plate 
Two different screening plates are designed at two different analyte 
(hydrobenzoin) concentrations 5 mM and 10 mM. The architecture of the screening plate 
was described in detail in Figure 4.54. One enantiomer of the chiral host was analyzed in 
the screening plate, and the optimum ratios (~ 90% saturation) of each chiral host with 
each indicator were added in the 96-well plate (Table 4.7). 100% (R,R)-hydrobenzoin, 
racemic mixture of the two enantiomers, and 100% (S,S)-hydrobenzoin were added to 
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each combination. The plate is sealed with the sealing film and the absorbance spectra 
was recorded and analyzed. 
 
Training/ Analysis Plate 
The training and the analysis set for each host was combined together on one plate 
to speed up the analysis. The indicator used for this analysis was BPG and the 
concentration of the indicator was fixed at (60 μM) so that the maximum absorbance 
from 500-600 nm was in the range of 0.4-1.5. Three training /analysis plate were 
designed. First with host-4.1 / BPG, second for host (S,S)-4.2 / BPG and third for host 
(R,R)-4.2 /BPG . The optimum ratio (~ 90% saturation) of the each host to the indicator 
was used in this assay as defined by their 1:1 binding isotherms (Table 4.7). 
The procedure described here is for host (S,S)-4.2 and BPG, the architecture of 
this training/analysis plate was described in detail in Figure 4.60. Host (S,S)-4.2 (200 
μM) and BPG (60 μM) was added to all the wells on the plate. The first four rows were 
the training set and the last two rows were the analysis set. The layout for the training set 
was such that the concentration of the analyte (R,R)-hydrobenzoin and (S,S)-
hydrobenzoin would vary along each row of the plate while the ee of the solution, varied 
from (1) to (-1), where 1 is 100% (R,R)-hydrobenzoin and (-1) is 100% (S,S)-
hydrobenzoin, along the columns. The last two rows contained the analysis set, which 
were the solutions with unknown concentrations and ee’s of analyte. The plate was sealed 
with a sealing film to prevent solvent evaporation and the absorbance spectra were 




Table 4.7: The concentration of the indicators and the boronic acid host used in the 96-
well plate analysis. The concentration of the indicators depends on the purity of the 
commercially available indicator. 
 
Indicators 4.1 4.2(S,S) 4.4(R,R,R,S) 4.6(S) 4.8(S) 
A (200 μM) 500 μM 400 μM 400 μM 300 μM 300 μM 
AC (200 μM) 400 μM 300 μM 300 μM 400 μM 200 μM 
BPG (60 μM) 1200 μM 200 μM 400 μM 200 μM 200 μM 
ML (125 μM) 1170 μM 300 μM 500 μM 300 μM 300 μM 
PG (75 μM) 500 μM 300 μM 400 μM 100 μM 500 μM 
PV (150 μM) 700 μM 300 μM 500 μM 400 μM 400 μM 
 
4.4.4 NMR Analysis of the Enantiomeric Purity of Hydrobenzoin 
2-Formylphenylboronic acid (14.9 mg, 0.1 mole) and (R)-  methylbenzylamine 
(12.7 L, 0.1 mole) was dissolved in CDCl3 (1 mL), in a dry glass vial equipped with a 
few 4 Å molecular sieves. (21.4 mg, 0.1 mole) of the diol (hydrobenzoin) obtained from 
asymmetric dihydroxylation reactions was added to the solution. The mixture was 
allowed to stand with occasional shaking for 5 min. 1H NMR of the resulting solution 
was recorded (Figure 4.59). 
 
4.4.5 Synthesis of the Boronic Acid Hosts 
Boronic acid hosts 4.1-4.8 were synthesized by reductive amination according to 
the established literature procedure.37 1H NMR spectra were recorded at 300 MHz on a 
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Varian Mercury 300 spectrometer in CD3OD.
 13C NMR spectra were recorded at 500 
MHz on a Varian Mercury 500 spectrometer in DMSO–d6. 
Host (S,S)-5 was synthesized in two steps. 2-Acetylphenylboronic acid (163.97 
mg, 1 mM) and the (S) -methyl benzylamine (228.7 L, 1 mM) was dissolved in toluene 
(5 mL). The resulting mixture was allowed to stir overnight under reflux using a dean 
stark apparatus. The solvent was removed from the reaction mixture under vacuo and the 
imine was isolated as a yellow solid. The imine was re-dissolved in anhydrous methanol 
(5 mL) and the solution was cooled to 0°C, NaBH4 (56.46 mg, 1.5 mmol) was added to 
the solution at 0°C, the resulting mixture and was allowed to stir vigorously at 0°C for 2 
hr. After 2 hr the solvent was removed under vacuum followed by the addition of CH2Cl2 
(25 mL). The resulting white precipitate was removed by vacuum filtration, and the 
filtrate was concentrated to give the crude product as a yellow oil. The yellow oil was 
further purified, using neutral alumina flash chromatography (0-2% MeOH in CH2Cl2). 
The product was isolated as a white powder, with a diastereomeric ratio (dr) of 1 : 4. The 
overall yield of the reaction was 70%. 
 
Host (R)-4.3: mp 77 - 84 °C. 1H NMR (300 MHz, CD3OD)  7.53-7.38 (m, 6H), 7.23-
7.02 (m, 2H), 7.01 (d, J = 7.0 Hz, 1H), 4.27 (q, J = 6.8 Hz, 1H), 3.84 (d, J = 13.6 Hz, 1H), 
3.68 (d, J = 13.2 Hz, 1H),) 1.68 (d, J = 6.8Hz, 3H). 13C NMR (125 MHz, DMSO)  
149.60, 144.36, 136.42, 129.34, 128.42, 128.18, 127.13, 126.46, 125.76, 122.27, 51.26, 
48.66, 19.62. HRMS calculated (M+H) calc 256.1509 found 256.1511. 
 
Host (R,R,R,S)- 4.4: mp 77 - 83 °C. 1H NMR (300 MHz, CD3OD)  7.64 (d, 7.69 Hz 1H), 
7.27-7.16 (m, 3H), 4.21 (s, 2H), 3.43-3.40 (m, 1H), 2.58 (m, 1H), 2.47 (m, 1H), 2.19 (m, 
1H), 2.05 (m, 3H), 1.29 (d, J = 7.48 Hz, 6 H), 1.15 ( d, J = 10 Hz, 1H), 1.01 (s, 1H). 13C 
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NMR (125 MHz, DMSO)  149.78, 136.56, 129.13, 127.98, 125.69, 122.38, 50.62, 
47.35, 41.54, 40.83, 38.14, 33.95, 33.02, 27.99, 23.29, 20.43.HRMS calculated (M +H) 
288.2131 found 288.2696.  
 
Host (S,S)-4.5: mp 73 - 76 °C. 1H NMR (300 MHz, CD3OD)  7.54-7.06 (m, 9 H), 4.41 
(q, J = 6.5Hz, 1H), 4.27 (q, J = 6.8 Hz, 1H), 1.55 (d, J = 6.8 Hz 3H), 1.27 (d, J = 6.8 Hz 3 
Hz). 13C NMR (125 MHz, DMSO)  155.15, 146.29, 129.27, 128.37, 128.09, 126.19, 
125.85, 121.67, 57.45, 52.52, 22.10, 20.38. HRMS calculated (M+H) 270.1665 found 
270.1663. 
 
Host (S)-4.6: mp 64 - 66 °C. 1H NMR (300 MHz, CD3OD)  7.52-7.13 (m, 14H), 4.20 
(m, 1H), 4.05 (m, 1H), 3.87 (m, 2H), 3.65 (m, 1H), 1.64 (d, J = 7.0 Hz 3H). 13C NMR 
(125 MHz, DMSO)  142.16, 140.46, 138.44, 136.12, 134.48, 129.74, 129.19, 128.85, 
128.39, 128.10, 127.99, 127.09, 126.87, 126.28, 56.75, 55.23, 52.90, 14.02. HRMS 
calculated. (M+H) 346.1978 found 346.1984. 
 
Host (R)-4.6: mp 67 - 71 °C. 1H NMR (300 MHz, CD3OD)  7.53-7.13 (m, 14H), 4.18 
(m, 1H), 4.05 (m, 1H), 3.99 (m, 2H), 3.64 (m, 1H), 1.62 (d, J = 7.0 Hz 3H). 13C NMR 
(125 MHz, DMSO)  142.16, 140.45, 138.43, 136.14, 134.49, 129.74, 129.20, 128.85, 
128.39, 128.10, 127.99, 127.09, 126.87, 126.28, 56.75, 55.23, 52.90, 14.02. HRMS 
calculated. (M+H) 346.1978 found 346.1982. 
 
Host (R)-4.7: mp 120 - 122 °C. 1H NMR (300 MHz, CD3OD)  7.50-7.35 (m, 6H), 7.21-
7.09 (m, 2H), 6.98 (d, J = 7.4 Hz, 1H), 4.43 (q, J = 6.9 Hz, 1H), 3.80 (d, J = 11.3 Hz, 1H), 
3.66 (d, J = 13.5 Hz, 1H), 1.98 (s, 3H) 1.66 (d, J = 6.7Hz, 3H). 13C NMR (125 MHz, 
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DMSO)  142.06, 140.61, 136.09, 135.38, 130.08, 129.33, 128.15, 128.06, 127.26, 
126.65, 61.13, 60.14, 35.30, 16.07. (M+H) calc 270.1665 found 270.1667. 
 
Host (S)-4.8: mp 67 - 69 °C. 1H NMR (300 MHz, CD3OD)  7.63 (d, J = 6.6 Hz 1H), 
7.26-7.17 (m, 3H), 4.25 (d, J = 12.3 Hz 1H), 4.10 (d, J = 12 Hz 1H), 3.08-3.05 (m, 1H), 
1.85-1.64 (m, 6H), 1.41-1.13 (m, 8H). 13C NMR (125 MHz, DMSO)  149.82, 136.66, 
129.22, 127.91, 125.66, 122.24, 52.40, 47.61, 41.22, 30.19, 29.90, 26.04, 2.71, 25.61, 
18.41. HRMS calculated. (M+H) 262.1978 found 2.62.1984.  
 
Host (R)-4.8: mp 62 - 65 °C. 1H NMR (300 MHz, CD3OD)  7.62 (d, J = 7.7 Hz 1H), 
7.24-7.15 (m, 3H), 4.24 (d, J = 12.3 Hz 1H), 4.09 (d, J = 12.3 1H), 3.07 (m, 1H), 1.85-
1.68 (m, 6H), 1.36-1.13 (m, 8H). 13C NMR (125 MHz, DMSO)  149.78, 136.66, 129.16, 
127.87, 125.62, 122.20, 52.38, 47.64, 41.21, 30.14, 29.86, 26.01, 25.74, 25.57, 18.35. 
HRMS calculated. (M+H) 262.1978 found 262.198. 
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Chapter 5: Pattern-Based Recognition for the Rapid Determination of 
Identity, Concentration, and Enantiomeric Excess of Subtly Different 
Diols 
 
5.1 PATTERN RECOGNITION SENSOR ARRAY 
Animals are constantly surveying via their olfactory system, the external 
environment for chemicals that indicate food sources and habitats, as well as chemical 
signals controlling social interactions and reproductive behavior.1 The olfactory system 
involves a broad pattern recognition protocol where the detectors/sensors generate a 
pattern that is recognized and classified by the brain.2 Inspired by the olfactory system, 
the use of multivariate data analysis combined with sensors with partially overlapping 
selectivity has become a powerful tool in the field of molecular recognition. 3-17 
In an analogous fashion, a novel optical recognition scheme is described here for 
the rapid determination of the identity, enantiomeric excess (ee), and concentration ([G]t) 
of chiral vicinal diols of close structural similarity. The sensor array used involved 
differential receptors and signaling units. The differential receptors were chiral boronic 
acids, which are responsible for the sensor’s chemoselective and enantioselective 
discriminatory properties. The signaling relies upon indicator displacement assays (IDAs) 
to provide a colorimetric response. The assay was developed by using combinations of 
three differential receptors and three different indicators within a single array, which 
resulted in finger printing of each diol analyzed. 
Indicator displacement assays rely on colorimetric or fluorescence indicators that 
reversibly interact with a receptor and upon binding to the receptor change their optical 
properties. A competition between the analyte and the indicator for the binding site of the 
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receptor generates an equilibrium in solution that can be monitored optically and related 
to [G]t.
18 Our group has pioneered the development of enantioselective indicator 
displacement assays that utilize a chiral receptor where the color change is related to ee 
and [G]t.
19, 20  
The data generated by each sensor array was processed by supervised and non-
supervised pattern recognition algorithms. A major unsupervised technique is principle 
component analysis (PCA), while artificial neural network (ANN) is a supervised 
technique. PCA reduces multidimensional and partly correlated data to two, three or more 
dimensions. This is achieved by projecting the data onto fewer dimensions that represent 
variance relationships between variables.21 ANN programs are based on a simplified 
model of the brain. ANN requires a training set that consists of a collection of known 
parameters. The training set creates a neural network suitable for the analysis in hand. 




Scheme 5.1. Structures of hosts, guests/analyte and indicators used in this study. 
 
To demonstrate the ability to distinguish chirality as well chemical identity, diols 
5.3-5.6 were selected as analytes (Scheme 5.1). Analyte 5.3 has two phenyl groups, in 
contrast to 5.4 and 5.5. Analyte 5.4 and 5.5 differ in a ketone relative to an ester, 
respectively. Lastly, analyte 5.6 has two esters. Hence, we are challenging our array 
approach by using four analytes and their enantiomers all possessing electron 
withdrawing groups of only subtle difference.  
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Our previous studies have shown that the use of cross-reactive sensors in a single 
array enhances the fingerprinting of the analytes, allowing one to determine structural 
similarities and chirality simultaneously.24 Furthermore, increasing the enantioselectivity 
of the receptors improves chiral discrimination. Due to previous results which showed 
that C2-symmetric chiral secondary amines on the boronic acid give excellent 
enantioselectivity, host-5.1 was chosen.25 With this guiding principle we now introduce 
host-5.2, which is also C2-symmetric about the pyrrolidine ring (Scheme 5.1). The aim 
was to develop a second highly enantioselective host that can be used in conjunction with 
host-5.1 in our pattern recognition protocol. To study the interactions that pertains to the 
enantioselectivity of the boronic acid receptor with chiral diols in methanol. Complexes 
of host (R,R)-5.2 and (S,S)-hydrobenzoin (5.3b) was analyzed by x-ray crystallography 
an 11B NMR. 
 
5.2 RESULT AND DISCUSSION 
5.2.1 Synthesis 
Boronic acid host-5.1 and host-5.2 was easily synthesized by reductive amination 
according to published literature procedure (host-5.2 is a new receptor).26 
The diols used in this analysis are commercially available except for 5.4, which 
was synthesized by a previously established Sharpless asymmetric dihydroxylation 
reaction.27 Diol (3S,4R)-3,4 dihydroxy-4-phenyl-butane-2-one (5.4a) was isolated in 70% 
yield and 93% ee while (3R,4S)-3,4 dihydroxy-4-phenyl-butane-2-one (5.4b) was 
obtained in a 76% yield and 86 % ee. The ee of 5.4a and 5.4b was determined by using 
the James. et al. NMR analysis (Figure 5.1).28In the NMR analysis, the boronic acid 
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interacts with the chiral amine and chiral diol, to form two diastereomeric complexes. 





1H NMR 300 MHz on a Varian Mercury 300 spectrometer in CDCl3 of the 
racemic mixture of 4.4 after derivatization. 
 
5.2.2 X-ray Crystallographic Analysis: 
An x-ray quality crystal of the complex (5.7) of host (R,R)-5.2 with (S,S)-
hydrobenzoin was isolated by diffusing methanol into a concentrated solution of the 
complex in dichloromethane (Figure 5.2). Previously, in our group we have analyzed the 
free boronic acid host o-(pyrrolidin-1-ylmethyl)phenylboronic acid and its complexes 
with catechol by x-ray crystallography.29 It was shown that in these complexes the 
presence of the N-B bond is solvent dependent. Aprotic solvent (CHCl3) facilitates the 
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formation of the N-B bond while in protic solvent (CH3OH) solvolysis pathway is 
operative. When the complex 5.7 was crystallized from methanol, instead of the solvent 
inserted structure the boron atom was found to be near sp2 hybridized. The average B-O 
bond length is 1.366Å and O-B-O angle of the cyclic (S,S)-hydrobenzoin boronate is 
113.23°. As expected there is no intramolecular B-N bond observed in the complex the 
N-B bond distance of 4.43Å is observed, whereas the optimal distance for a N-B bond, is 
1.5-1.8Å as reported for other boronic acid molecules with similar configurations.30, 31 
The absence of the solvent inserted structure could be due to the more sterically 
inaccessible nitrogen lone pair of electron in the tertiary amine as in host-5.2(R,R). 
Interestingly the 11B NMR profile of the complex in CD3OD indicates that the boron 
atom is solvated in solution (see next section). Therefore, there is a discrepancy between 
the structure of complex in solid state and in solution. 
Although, we cannot estimate the exact solution behavior of host (R,R)-5.2 with 
chiral diols. The competitive binding study of host-5.2(S,S) with 5.3a and 5.3b using PV 
as an indicator shows that the host (S,S)-5.2 has a lower affinity for 5.3a (KHG3b1.4±0.04) 
than 5.3b (KHG3a 8.9±0.11) (Figure 5.3). Therefore host (R,R)-5.2 would have a lower 
affinity for 5.3b than 5.3a. This can also be explained by the crystal structure where the 
phenyl group on the pyrrolidine ring of the host has an unfavorably steric interaction with 
the phenyl group of 5.3b. This unfavorable interaction would not be present in the 




Figure 5.2: Left: Crystal structure of host (R,R)-5.2 complex with (S,S)-hydrobenzoin 
(5.3b). Right: ChemDraw representation of the crystal structure. 
 
 
Figure 5.3: Enantioselective indicator displacement assay (eIDA) of host (S,S)-5.2 and 
(0.48 mM) /PV (150 M) with (R,R)-hydrobenzoin and (S,S)-hydrobenzoin. All titrations 
were carried out in 100% MeOH, 10 mM para-toluenesulfonic acid and Hunig’s base 
buffer, pH =7.4, association constant KHI (10
3 M-1). All measurements were taken at 




5.2.3 Structural Characterization in Solution by 
11
B NMR 
Structural studies using 11B NMR were carried out to investigate the effect of 
solvent on the nature of the N-B interaction of complex 5.7 in solution. The 11B NMR 
signals of the complex and the receptor are assigned based on the comparision with our 
pervious analysis of the o-(N,N-dialkylaminomethyl)arylboronate system.29 
 The sample of crystals used to obtain the x-ray structure of complex 5.7 displays 
one 11B signals at 31.3 ppm in CDCl3 (Figure 5.4A). The signal at 31.3 ppm is assigned 
to the trigonal planar boron species with no N-B bond. In CD3OD (Figure 5.4B) 
however, the same set of crystals of complex 5.7 shows two peaks. The major peak 
(~90%) at 8.1 ppm is assigned to the fully solvated species. The minor signal (~20%) at 
23.3 ppm corresponds to the 11B NMR signal of the free receptor 5.2 in methanol.  
The free receptor (5.2) has a chemical shift of 23.3 ppm in CD3OD and 28.8 ppm 
in CDCl3. The signal at 28.8 ppm was assigned to the trigonal planar boron in CDCl3. 
The signal at 23.3 ppm in CD3OD could not be assigned to a single boron species in 
solution. It is assumed that there is a fast exchange between the N-B coordinated sp3 
boron and the sp2 hybridized boron of the free receptor (5.2) in methanol. The difference 
of 11B NMR data of complex 5.7 with respect to NMR solvents suggests that the boron 
center is very prone to solvolysis, which contradicts the conclusion drawn from the solid 





Figure 5.4: 11B NMR spectra of compound 5.5 host (R,R)-5.2 complex with (S,S)-
hydrobenzoin in CDCl3 (A) and CD3OD (B). The signal at 18.6 ppm is the external 
standard trimethyl borate. 
 
5.2.4 Generating a Chemo and Enantioselective Array 
Before creating our pattern based recognition procedures, we needed to establish 
the proper pairings of hosts and indicators as described below. However, we first 
determined binding constants of the hosts with indicators because we have found that the 
optical response of an enantioselective IDA is best when the host is about 90% saturated 
with an indicator.25 Six catechol based indicators were used in the study described herein: 
alizarin (A), alizarin complexone dihydrate (AC), bromopyrogallol red (BPG), 4-
methylesculetin (ML), pyrogallol red (PG), and pyrocatechol violet (PV). Host-5.1 has 
been studied previously, and thus the ratio to achieve 90% of saturated host-5.1 with each 
of the six indicators was calculated from literature binding constants.25 The binding 
constants for the indicators with host-5.2, are given in Table 5.1 (Figures 5.5-5.10). 
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Table 5.1: Binding constant K (104 M-1) of the host (S,S)-5.2 with the indicators. 
 
Indicators A AC BPG ML PG PV 
(S,S)-5.2 8.42±1.76 6.41±2.21 191±131 3.61±0.13 1.02±00.7 1.36±0.02 
 
 
Figure 5.5: A) UV-visible titration of host (S,S)-5.2 with A (200 M), Host:Indicator 
complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the difference in 
absorbance at 470 nm with the addition of the host). Stock solutions were prepared in 
100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar absorptivity 
between the H:I complex and free I: de, total indicator concentration: It. The solid line is 
the calculated curve resulting from iterative data fitting to a 1:1 binding isotherm. All 
measurements were taken at 25ºC. 
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Figure 5.6: A) UV-visible titration of host (S,S)-5.2 with AC (200 M), Host:Indicator 
complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the difference in 
absorbance at 550 nm with the addition of the host). Stock solutions were prepared in 
100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar absorptivity 
between the H:I complex and free I: de, total indicator concentration: It. The solid line is 
the calculated curve resulting from iterative data fitting to a 1:1 binding isotherm. All 
measurements were taken at 25ºC. 
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Figure 5.7: A) UV-visible titration of host (S,S)-5.2 with BPG (29.59 M), 
Host/Indicator complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the 
difference in absorbance at 570 nm with the addition of the host). Stock solutions were 
prepared in 100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic 
acid and Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar 
absorptivity between the H:I complex and free I: de, total indicator concentration: It. The 
solid line is the calculated curve resulting from iterative data fitting to a 1:1 binding 
isotherm. All measurements were taken at 25ºC. 




Figure 5.8: A) UV-visible titration of host (S,S)-5.2 with ML (75 M), Host:Indicator 
complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the difference in 
absorbance at 380 nm with the addition of the host). Stock solutions were prepared in 
100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar absorptivity 
between the H:I complex and free I: de, total indicator concentration: It. The solid line is 
the calculated curve resulting from iterative data fitting to a 1:1 binding isotherm. All 
measurements were taken at 25ºC. 
Wavelength (nm)  
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Figure 5.9: A) UV-visible titration of host (S,S)-5.2 with PG (74 M), Host:Indicator 
complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the difference in 
absorbance at 520 nm with the addition of the host). Stock solutions were prepared in 
100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar absorptivity 
between the H:I complex and free I: de, total indicator concentration: It. The solid line is 
the calculated curve resulting from iterative data fitting to a 1:1 binding isotherm. All 
measurements were taken at 25ºC. 
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Figure 5.10: A) UV-visible titration of host (S,S)-5.2 with PV (150 M), Host:Indicator 
complex (H:I), free indicator (I) B) 1:1 binding isotherm (plot of the difference in 
absorbance at 520 nm with the addition of the host). Stock solutions were prepared in 
100% degassed spectral grade MeOH, using 10 mM para-toluenesulfonic acid and 
Hunig’s base buffer, pH 7.4. Association constant: K, difference in molar absorptivity 
between the H:I complex and free I: de, total indicator concentration: It. The solid line is 
the calculated curve resulting from iterative data fitting to a 1:1 binding isotherm. All 
measurements were taken at 25ºC. 
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To establish the proper host:indicator pairings we screened to seek the best host 
and indicator duos for colorimetric difference between analytes. The concentration of 
each host that yields 90% saturation with each indicator was used in a 96-well plate 
(Table 5.1). Each receptor/indicator pair was treated with each diol solution (Figure 
5.11) such, that the concentration of the diol was 5mM. The results of these plates 
identified three basic combinations: host-5.1:PV, host-5.2:PV and host-5.2:ML as good 
host:indicator duos for enantiomeric discrimination for all the diols, showing a Abs of 
0.18 on average (Table 5.2-5.3). Host-5.1:BPG also shows good discrimination, Abs of 
0.23 and Abs of 0.16, between the two enantiomers of 5.3 and 5.5 respectively, but the 
discrimination is poor for the enantiomers of diols 5.4 and 5.6. This process allows us to 
rapidly identify the best host indicator combination for the enantiodiscrimination of each 
chiral diol, and eliminate the need to develop 1:1 binding isotherms of hosts and guests 





















Figure 5.11 A) Method used to screen for host (R,R)-5.2 with indicators: pyrogallol red 
(PG), alizarin (A), 4-methylesculetin (ML), alizarin complexone dihydrate (AC), 
bromopygallol red (BPG), and pyrocatechol violet (PV). The concentration of the 
indicators and the host are listed in Table 5.5. (R,R)-hydrobenzoin (5.3a), (S,S)-
hydrobenzoin (5.3b), (3S,4R)-2,3-dihydroxy-4-phenyl-butane-2-one (5.4a), (3R,4S)-2,3-
dihydroxy-4-phenyl-butane-2-one (5.4b), methyl(2S,3R)-2,3-dihydroxy-3-phenyl-
propionate (5.5a), methyl(2R,3S)-2,3-dihydroxy-3-phenyl-propionate (5.5b), diethyl D- 
tartrate (5.6a), diethyl L-tartrate (5.6b) B) Absorption spectrum of host (R,R)- 5.2:ML 
with diol 5.5a:Racemic mixture (5.5a:5.5b): 5.5b. C) Absorption spectrum of host (R,R)- 
5.2:PV with diol 5.5a:Racemic mixture (5.5a: 5.5b):5.5b. All studies were carried out in 
100% MeOH, 10 mM buffered solution of Hunig’s base and para-toluenesulfonic acid to 
pH 7.4 at 25°C. 
A) 
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Table 5.2: Screening plate  Abs between the enantiomeric guests (5 mM) with host 
(S,S)- 5.1 and the indicators  calculated for, A at 450 nm, AC at 550 nm, ML at 380 nm, 
BPG at 570 nm, PG at 520 nm and PV at 520 nm. 
 
Indicators Diol (5.3) Diol (5.4) Diol (5.5) Diol (5.6) 
A 0.007 0.035 0.024 0.007 
AC 0.026 0.025 0.008 0.014 
BPG 0.233 0.054 0.119 0.038 
ML 0.145 0.061 0.102 0.043 
PG 0.031 0.031 0.03 0.007 
PV 0.107 0.08 0.072 0.057 
 
Table 5.3: Screening plate  Abs between the two enantiomeric guests (5 mM) with host 
(R,R)-5.2 and the indicators  calculated for, A at 450 nm, AC at 550 nm, ML at 380 nm, 
BPG at 570 nm, PG at 520 nm and PV at 520 nm. 
 
Indicators Diol (5.3) Diol (5.4) Diol (5.5) Diol (5.6) 
A 0.176 0.092 0.158 0.043 
AC 0.161 0.042 0.107 0.002 
BPG 0.251 0.046 0.156 0.018 
ML 0.357 0.208 0.352 0.126 
PG 0.005 0.01 0.031 0.112 




5.2.5 Principal Component Analysis (PCA) 
Our first goal was to demonstrate chemo and enantioselective discrimination of 
our analytes. As identified by the screening, our assay utilized three host:indicator 
combinations: (S,S)-5.1:PV, (R,R)-5.2:ML, and (S,S)-5.2:PV. Each diol at 5 mM 
concentration was treated with these three host:indicator combinations. The experiment 
was repeated four times to ensure reproducibility. A full spectrum of each sample was 
recorded, and the data was analyzed at nine different wavelengths: (496, 500, 516 nm) for 
host (S,S)-5.1:PV, (362, 366, 374 nm) for host (R,R)-5.2:ML, and (496, 500, 516 nm) for 
host (S,S)-5.2:PV. These wavelengths were chosen based on the largest change in 
absorbance. A PCA plot was then generated, which showed excellent discrimination for 
all the diols and their enantiomers (Figure 5.12). Tight clustering of identical samples 
and good spatial resolution for all the analytes was achieved. A slight rotation of the PCA 
axes showed chemoselectivity separated along PC1’, while chirality is correlated along 
PC2’. S stereochemistry on the stereocenter near the phenyl (or ester of 5.6) have positive 




Figure 5.12. PCA of the enantiomers of the four diols analyzed with host (S,S)-5.1:PV 
host (R,R)-5.2:ML, and host (S,S)-5.2:PV. The diols are labeled on the PCA plot. All 
studies were carried out in 100% MeOH, 10 mM buffered solution of Hunig’s base and 
para-toluenesulfonic acid to pH 7.4 at 25 °C. 
 
Having found excellent chemo and enantioselectivity, the next goal was to 
explore the ability to simultaneously determine [G]t and ee. For this purpose we analyzed 
diol 5.5 with three different host indicator combinations. The earlier screening 
experiment discussed above for diol 5.5 determined that the best enantiomeric 
discrimination between 5.5a and 5.5b was achieved by host-5.1:BPG (  Abs 0.119), 
host-5.2:ML (  Abs 0.352) and host-5.2:PV (  Abs 0.232). Thus, ee titrations of diol-5.5 
with only these three combinations of host and indicators were carried out at three 
different concentrations (2 mM, 4 mM and 5 mM) and eight different ee values (-1.0, -
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0.6, -0.2, 0, 0.2, 0.4, 0.6, 1.0), where 1.0 is 100% 5.5a and -1.0 is 100% 5.5b. Each ee 
titration was carried out at one concentration, and repeated three times. The data set 
consisting of wavelengths (570, 572, 574, 576, 578 nm) for host (S,S)-5.1:BPG, (512, 
514, 516, 518 nm) for host (S,S)-5.2:PV, and (376, 378, 380, 382, 384 nm) for host (R,R)-
5.2:ML was analyzed using PCA (Figure 5.13A). Good spatial resolution was obtained 
in the PCA plot showing clustering of identical samples and spatial resolution of 
concentration and ee. The data sets of varying ee values at the same concentration were 
clustered together in smooth curves in Figure 5.13A. Ee values range within the stripe 
from +1 to -1 left to right respectively. In this analysis we did not have to use an achiral 
host to determine concentration of analytes in contrast to our previous studies. Using data 
from different host and indicator combinations enabled us to eliminate the achiral host 
from our sensor array, thus simplifying the analysis.19
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Figure 5.13. A) PCA of diol 5.5 ee titration at three different concentrations : 2 mM, 
: 4 mM, : 5 mM. ee, yellow: -1, pink: -0.6, green: -0.2, blue: 0, red: 0.2, orange: 0.4, 
brown: 0.6, purple: 1, where 1 is 100% methyl(2S,3R)-(-)-2,3- dihydroxy-3-
phenylpropionate (5.5a) and -1 is 100% methyl(2R,3S)-(-)-2,3- dihydroxy-3-
phenylpropinate (5.5b) B) Multilayer perceptron (MLP) artificial neural network 
generated for the determination of ee and analyte total concentration ([G]t). All studies 
were carried out in 100% MeOH, 10mM buffered solution of Hunig’s base and para-
toluenesulfonic acid to pH 7.4 at 25 °C. 
 
5.2.6 Artificial Neural Networks (ANN’s) Analysis 
The last goal was to analyze unknown samples for concentration and ee. A neural 
network was generated by using the data set that was used to generate the PCA plot for 
diol 5.5 as the training set (Figure 5.13B). The repeated data set was not included in the 
training set as ANN does not work well with redundant values. Statistica Neural Network 
software was used to develop the ANN. It has an embedded intelligent problem solver 
(IPS) function, which automatically generates several networks that are suitable for the 
designated problem at hand. The input layer contains the absorbance of each ee titration 
giving a total of 14 absorbance values. The outputs are [G]t and % 5.5a. ANN does not 
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work well with negative values, therefore % 5.5a was used instead of ee values. A 
multilayered perceptron (MLP) network with 14 inputs, 8 processing units in the hidden 
layer, and 2 outputs was selected for our analysis. The network was trained by back-
propagation algorithms, which minimize the discrepancy between the input and the 
outputs. True unknown samples, prepared completely independent of the training set, 
were then treated with the same sensor array and their [G]t and % 5.5a values predicted 
by the network. The % 5.5a values predicted by the network were converted to ee and are 
listed in Table 5.4. The average absolute error for [G]t was ± 0.08 mM and for ee was 
6.72%. The ee error is high because of a single outlier that has an ee error of 19.38%. 
Without including the outlier, the average absolute error in ee drops to 3.57%. 
 
Table 5.4: Artificial Neural Network Analysis of unknown solutions. 
 
[G]t mM ANN [G]t 
mM 
Error  [G]t 
mM 
% ee ANN % ee Error % ee 
3.00 3.07 0.07 50.00 69.38 19.38 
3.00 3.04 0.04 30.00 33.10 3.10  
3.00 3.05 0.05 10.00 8.47 1.53 
3.00 3.04 0.04 -30.00 -20.64 9.36 
3.00 2.79 0.21 -50.00 -50.27 0.27 
 
Overall, the time required for this entire analysis; from screening, to training, to 
analysis by ANN and PCA, required approximately 24 hrs of work. However, after 
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establishing the protocol, identity, concentration and ee values of 96 samples can be 
determined in 40 minutes. In effect, this assay is a powerful tool which we are now 
transitioning to a high-throughput study to determine identity, [G]t, and ee of unknown 
samples of chiral vicinal diols. 
 
5.3 CONCLUSION 
We have described a technique that fingerprints chemical identity, concentration, 
and chirality of chiral vicinal diols. Pattern recognition protocols were used to analyze the 
data. Excellent fingerprinting was obtained where the diols are chemoselectively and 
enantioselectively separated. This was achieved by using a diverse sensor array made up 
of different host and indicator combinations. Unknown samples were rapidly analyzed 
using ANN for their concentration and ee with high accuracy. In addition, a new 
enantioselective boronic acid host-5.2 has been designed and synthesized in one step that 
showed excellent enantioselectivity for several chiral vicinal diols. 
 
5.4 EXPERIMENTAL SECTION 
5.4.1 Synthesis 
Boronic acid host-5.2 was synthesized by reductive amination according to a 
published procedure.26 
Complex 5.7. Compound 5.2 (0.5 mmol, 178.6 mg) and (S,S)-hydrobenzoin (0.5 
mmol, 107.1 mg) were dissolved in CHCl3 (2.5 mL) and stirred with 1 g MgSO4 
suspension at room temperature for 30 min. MgSO4 was removed with vacuum filtration 
and the filtrate was concentrated. The crude product was dissolved in CHCl3 (5 mL) and 
concentrated again in order to azeotropically remove the condensed water. The product 
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was purified by crystallization by diffusing methanol into its concentrated CHCl3 
solution. The crystals from CH3OH solutions respectively were submitted for x-ray 
crystallographic analysis.   
 
Host (S,S)-5.2: mp 118 - 128 °C. 1H NMR (600 MHz, CD3OD)  7.29-7.21 (m, 10H), 
7.13-7.06 (m, 3H), 6.79 (b, 1H), 4.39 (m, 1H), 3.57 (d, J = 13.6 Hz, 1H), 3.26 (d, J = 13.7 
Hz, 1H),) 2.59-2.54 (m, 2H), 2.17-2.12 (m, 2H) ppm. 13C NMR (150 MHz, DMSO)  
141.79, 133.72, 130.05, 129.24, 128.65, 127.40, 67.89, 55.66, 33.04, 30.65 ppm. HRMS 
calculated (M+H) calc 358.1934 found 358.1973 
 
Host (R,R)-5.2: mp 98 - 117 °C. 1H NMR (600 MHz, CD3OD)  7.29-7.21 (m, 10H), 
7.14-7.06 (m, 3H), 6.81 (b, 1H), 4.39 (m, 1H), 3.57 (d, J = 13.6 Hz, 1H), 3.29 (d, J = 13.7 
Hz, 1H),) 2.58-2.54 (m, 2H), 2.17-2.13 (m, 2H) ppm. 13C NMR (150 MHz, DMSO)  
141.73, 133.45, 130.06, 129.24, 128.67, 127.41, 67.89, 55.46, 33.02, 30.65 ppm. HRMS 
calculated (M+H) calc 358.1934 found 358.1973. 
 
Complex 5.7: mp 162-169 °C 1H NMR (500 MHz, CDCl3)  7.87 7.84 (m, 2H), 7.52-
7.49 (m, 1H), 7.37-7.32 (m, 6H), 7.27-7.17 (m, 12H), 7.12-7.09 (m, 4H), 4.37-4.35 (m, 
2H), 3.80 (d, J = 16.1 Hz, 1H), 3.74 (d, J = 16.2 Hz, 1H), 2.61-2.54 (m, 2H), 2.03-1.97 
(m, 2H) ppm. 13C NMR (125 MHz, CDCl3)  147.16, 143.83, 140.29, 135.87, 131.33, 
128.61, 128.12, 128.09, 128.05, 128.01, 126.73, 125.80, 125.40, 86.52, 65.19, 50.55, 
33.14 ppm. HRMS calculated (M+H) calc 536.2761 found 536.2755 
 
 195 
5.4.2 NMR Analysis of the Enantiomeric Purity of 5.4:  
2-Formylphenylboronic acid (14.9 mg, 0.1 mole) and (R)-  methylbenzylamine 
(12.7 L, 0.1 mole) were dissolved in CDCl3 (1 mL), in a dry glass vial equipped with a 
few 4 Å molecular sieves. (18.02 mg, 0.1 mole) of the diol (3,4 dihydroxy-4-phenyl-
butane-2-one) obtained from asymmetric dihydroxylation reactions was added to the 
solution. The mixture was allowed to stand with occasional shaking for 5 min. 1H NMR 
of the resulting solution was recorded (Figure 5.1). 
 
5.4.3 Standard UV-vis Titrations:  
UV-vis titrations were performed on a Beckman DU-640 UV-vis 
spectrophotometer. Stock solutions of the hosts, indicators, and diols were made in 10 
mM buffer solution pH 7.4 (Hunig’s base and para-toluenesulfonic acid) in 100% 
spectral grade degassed methanol. All measurements were taken at 25 °C.  
The ideal host and indicator combinations for enantiomeric discrimination were 
determined by generating 1:1 binding isotherms via UV-vis titration between the host and 
the indicator. During the titration, the solution was allowed to equilibrate for 3 min after 
each addition, and the absorbance spectra was recorded until the change in absorbance 
from one reading to the next was < 0.03. The concentrations and the wavelengths of the 
indicators used are listed in Table 5.3. The binding constants (KHI) between the host and 
the indicators were determined from a 1:1 binding isotherm (Table 5.1). 
 
5.4.4 96-well Plate Analysis:  
Arrays were made by mixing host, indicator, and guest stock solutions within a 
Costar EIA/RIA polystyrene 96-well flat bottom plate. BioTek PrecisionTM microplate 
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pipetting system was used to add stock solution to the 96-well plate. Each well contained 
a total solution volume of 300 μL. After making the plate, it was sealed with a UC-500 
sealing film to prevent solvent evaporation. The absorbance spectra of the 96-well plate 
were recorded on a BioTek SynergyTM 4 multi-detection microplate reader. 
 
Table 5.5: Concentration of the hosts and the indicators used in the 96-well plate. The 
concentration of the indicators used depends upon the purity of the commercially 
available indicators. 
 
Indicator Host 5.1-(S,S)  Host -5.2 (S,S) 
A (200 μM) 300 μM 400 μM 
AC (200 μM) 446 μM 300 μM 
BPG (60 μM) 180 μM 200 μM 
ML (125 μM) 380 μM 340 μM 
PG (150 μM) 546 μM 300 μM 
PV (150 μM) 680 μM 300 μM 
 
5.4.5 X-ray Crystal Structure Determination 
X-ray Experimental for C37H34BNO2:  Crystals grew as colorless prisms by 
diffusion of methanol into a DCM solution.  The data crystal was cut from a larger crystal 
and had approximate dimensions; 0.33 x 0.25 x 0.17 mm.  The data were collected on a 
Nonius Kappa CCD diffractometer using a graphite monochromator with MoK  
radiation (  = 0.71073Å).  A total of 166 frames of data were collected using -scans 
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with a scan range of 2° and a counting time of 98 seconds per frame.  The data were 
collected at 153 K using an Oxford Cryostream low temperature device. Data reduction 
were performed using DENZO-SMN.32 The structure was solved by direct methods using 
SIR9733 and refined by full-matrix least-squares on F2 with anisotropic displacement 
parameters for the non-H atoms using SHELXL-97.34 The hydrogen atoms on carbon 
were calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq 
of the attached atom (1.5xUeq for methyl hydrogen atoms).  The absolute configuration 
was determined from the known configuration of the ammine portion of the molecule.  
The function, w(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[( (Fo))2 + (0.0439*P)2 + 
(0.2884*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.0910, with R(F) equal to 
0.0424 and a goodness of fit, S, = 1.07.  Definitions used for calculating R(F), Rw(F2) 
and the goodness of fit, S, are given in reference 35.
35
  The data were corrected for 
secondary extinction effects.  The correction takes the form:  Fcorr = kFc/[1 + (2.5(7)x10-
6)* Fc2 3/(sin2 )]0.25 where k is the overall scale factor.  Neutral atom scattering factors 
and values used to calculate the linear absorption coefficient are from the International 
Tables for X-ray Crystallography (1992).
36  All figures were generated using 
SHELXTL/PC.37 
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